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Summary 

 

A growing body of literature suggests that structured exercise interventions may help 

slow the progression of cognitive decline in people with Mild Cognitive Impairment (MCI), 

yet little is known about the effects of acute (a single bout of exercise) and chronic 

exercise on brain derived neurotrophic factor (BDNF) concentration and cognitive 

performance in this patient population.  BDNF, a neurotrophin widely expressed in the 

brain is upregulated through exercise and believed to enhance neuronal survival, brain 

plasticity and learning and memory. Exploring the BDNF response to acute and chronic 

exercise may offer new insights into the underlying mechanism that mediates the 

exercise-cognitive relationship in a cognitively impaired population. Accordingly, the 

overarching aim of this thesis was to investigate the effect of acute (varying modality, 

duration or intensity) and chronic exercise on serum BDNF concentration and cognitive 

performance in a group of sedentary older adults with MCI.  

 

Work on this study began in September 2015 when I commenced a full-time research 

post as a PhD candidate on the NeuroExercise study. The NeuroExercise study is a 

European multi-centre Randomised Controlled Trial (RCT) examining ‘The Effects of an 

Extensive Exercise Programme on the Progression of Mild Cognitive Impairment’. 

Funding for the NeuroExercise study was awarded by the EU Joint Programme – 

Neurodegenerative Disease (JPND) Research grant with funding for the Dublin arm of 

the trial supported by the Health Research Board (HRB). I had responsibility for 

overseeing study implementation and coordination of the NeuroExercise study at the 

Dublin site which ran for a 32-month duration. Duties included ethics applications, 

participant screening and recruitment, study assessments, implementation of the 12-

month NeuroExercise exercise protocol, data management and liaising with local 

referring sites and international partners.  The NeuroExercise study recruited from the 

German Sports University in Cologne, Radboud University Medical Centre in Nijmegen, 

the Netherlands and Trinity College Dublin.  In this study, participants (n=62 at the Dublin 

site) were randomised to either a yearlong aerobic exercise intervention, balance and 

toning (non-aerobic) exercise intervention or control group. The primary outcome was 

change in cognitive performance as measured by a neuropsychological test battery.  

 

Prior to designing the PhD studies contained within this thesis, a systematic review was 

conducted to highlight existing gaps in the literature relating to exercise in MCI. Following 
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this, specific research questions and a study protocol was formulated. Participants with 

MCI, recruited to participate in the NeuroExercise study also consented to participate in 

all studies within this PhD thesis. Studies I - III were designed to address gaps within the 

literature and answer specific research questions around acute exercise, BDNF and 

cognitive performance in an MCI cohort. Results in Study I demonstrated that a short 

bout of high intensity exercise increased serum BDNF (sBDNF) concentration compared 

to a resting control condition. While high intensity interventions were feasible in this 

patient group, the increase in sBDNF did not result in improvements in cognitive 

performance. Study II and III examined the effect of manipulating acute exercise 

variables (intensity, duration and mode) on sBDNF concentration and cognitive 

performance. Results found no difference between varying aerobic exercise conditions 

(short bout high intensity versus longer bout moderate intensity) or between two distinct 

exercise modalities (aerobic versus balance and toning) on study outcomes. 

 

Study IV and V examined the effects of purposeful structured exercise training. Study IV 

investigated whether 12 weeks of exercise training: 1) altered basal sBDNF 

concentration and cognitive performance and 2) augmented the acute exercise BDNF 

and cognitive response. Results revealed significant increases in basal sBDNF 

concentration following 6 weeks of supervised aerobic or balance and toning exercise 

training. Finally, Study V provided insights into the relationship between sBDNF 

concentration, episodic memory and cardiorespiratory fitness following participation in a 

1-year exercise intervention. Results showed a 1-year exercise intervention with poor 

levels of adherence did not impact BDNF or cognition.  

 

Overall, results indicate that acute and chronic exercise paradigms can alter the BDNF 

profile in MCI cohorts. Information gained from these studies will add to the growing body 

of literature around the effect of acute and chronic exercise, and will help inform exercise 

prescription and current practice for optimising brain health in a cognitively impaired 

population. 
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1 Chapter 1: Introduction 

1.1 Mild Cognitive Impairment 

Mild Cognitive Impairment (MCI) is a clinical syndrome with a continuum of symptoms 

and is regarded as an intermediate stage between the cognitive change associated with 

normal aging and dementia (Petersen, 2004). MCI is marked by either focal or multifocal 

cognitive impairment, with minimal impairment of instrumental activities of daily living, 

which is a defining threshold for a dementia diagnosis (Dubois et al., 2010). MCI can be 

broadly classified into two subtypes: 1) amnestic MCI is a syndrome in which memory 

dysfunction is the predominant cognitive impairment and 2) non-amnestic MCI in which 

the primary cognitive impairment is established within another cognitive domain (e.g., 

language, visuospatial, executive) (Gauthier et al., 2006, Petersen and Negash, 2008).  

 

Alzheimer’s disease (AD) is the leading cause of dementia in the aging population, 

affecting more than 30 million people worldwide (Barnes and Yaffe, 2011). Some forms 

of MCI are considered a clinical prodrome to AD and other dementias and approximately 

15-20% of people over the age of 65 are affected by MCI (Roberts and Knopman, 2013). 

The Irish Longitudinal Study on Ageing (TILDA), a large population-based study 

(n=8504) identified a 9% incidence of MCI in community dwelling adults aged 50 and 

over in Ireland (Kearney et al., 2011). Numerous epidemiological studies have 

documented an accelerated rate of progression to AD and dementia in MCI subjects, 

with 10-15% of people with MCI progressing to dementia per year (Farias et al., 2009, 

Petersen et al., 1999), classifying them as a high-risk group (Figure 1:1). Individuals with 

aMCI, with or without deficits in other cognitive domains are the most likely MCI subtype 

to convert to AD (Petersen et al., 2001, Bäckman et al., 2004). 
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Figure 1:1 Annual rates of conversion from mild cognitive impairment (MCI) to 

dementia over 48 months (Petersen et al., 1999)  

 

As our ageing population increases, the number of people living with dementia in Ireland 

is expected to rise to over 130,000 by 2041 (Pierce et al., 2014), which is consistent with 

the rising occurrence of dementia worldwide (Ferri et al., 2005). The estimated annual 

cost of dementia care in Ireland in 2010 was over €1.69 billion (Cahill et al., 2012). At 

the 2013 summit on dementia convened by G8 in London, a range of initiatives were 

announced in which leading nations made commitments to actively work towards a cure 

or disease modifying treatment for dementia by 2025 (Dementia, 2014). With the 

ongoing difficulties’ in establishing new disease modifying drugs, research studies into 

non-pharmacological strategies to prevent dementia, and to optimise cognitive function 

in older people, particularly individuals at risk of developing dementia, have been 

increasing in number (Pieramico et al., 2014). 

 

1.2 The aging brain 

As people age, there is a decline in a number of physiological functions including 

reduced immune function, loss of muscle mass and strength, a decrease in bone mineral 

density and an increase in fat mass (Lamberts et al., 1997, Rudman and Rao, 1992). 

Furthermore, increases in blood pressure and inflammatory load are also known to occur 

during the aging process, with both independently linked to risk for dementia and 

cognitive decline (Qiu et al., 2005, Singh and Newman, 2011, Yaffe et al., 2004). 

 

In addition to this, changes in the medial temporal lobe and prefrontal cortex can lead to 

a shift in several mechanisms that support numerous cognitive processes (processing 

speed, memory and executive control processes such as inhibition, planning and 
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working memory), and appear especially sensitive to age-related change (Rypma and 

D'Esposito, 2000, Salthouse, 1996, Kausler, 1994, De Luca et al., 2003, Singh-Manoux 

et al., 2012, Burke and Barnes, 2006, Glisky, 2007). The susceptibility to learning and 

memory impairments is generally attributed to a decrease in neuronal plasticity of the 

cortex and hippocampus, which is considered vulnerable to the aging process and has 

been directly related to the decline of cognitive performance (Barrientos et al., 2015, 

Morrison and Baxter, 2012).  

 

In aMCI, memory impairments (recognition memory and free recall) arise early in the 

clinical presentation because they rely heavily on areas affected in the early stages of 

Alzheimer’s neuropathology i.e. the spread of neurofibrillary tangles and neuropil threads 

in the medial temporal lobe, initially in the transentorhinal cortex and then in the 

entorhinal cortex and hippocampus (Braak and Braak, 1991, Petersen et al., 2006). 

Longitudinal Magnetic Resonance Imaging studies have reported significantly greater 

grey matter loss in the hippocampal area, inferior and middle temporal gyrus, posterior 

cingulate, and precuneus in those with MCI who transition to AD (Chetelat et al., 2005, 

Fennema-Notestine et al., 2009). However, an autopsy study found those clinically 

diagnosed with MCI (including aMCI) presented as pathologically heterogeneous, with 

a number of people exhibiting mixed pathologies (Schneider et al., 2009). 

 

1.3 Protective factors against cognitive decline 

Strong evidence from large population-based studies have facilitated a better 

understanding of lifestyle factors that are protective against cognitive decline, AD and 

dementia. Modifiable risk factors include engagement in cognitively stimulating activity 

(Hughes et al., 2010, Pillai et al., 2011, Baumgart et al., 2015); social engagement 

(Ellwardt et al., 2015, Holt-Lunstad et al., 2010, Fratiglioni et al., 2004); level of education 

(Clouston et al., 2012, Tervo et al., 2004, Sattler et al., 2012); self-efficacy (Davis et al., 

2012); physical activity (Colcombe and Kramer, 2003b, Beydoun et al., 2014, Sattler et 

al., 2011, Fratiglioni et al., 2004); and cardiovascular risk factors (diabetes, obesity, 

smoking, and hypertension) (Tervo et al., 2004, Baumgart et al., 2015). Fratiglioni et al. 

(2004) suggest that these lifestyle components, encompassing a combination of social, 

mental, and physical health share common pathways and may converge within the major 

aetiological hypotheses for AD and dementia. However, a genetic predisposition and 

accumulation of exposure to risk factors can only be partially mitigated by modifiable 

protective factors such as increasing physical activity (Fratiglioni et al., 2004) (Figure 

1:2).  
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Figure 1:2 The timeline of risk factors and protective factors for dementia. SES: 

Socio-Economic Status. NSAID: Non-Steroidal Anti-Inflammatory Drug. HRT: Hormone 

Replacement Therapy (Fratiglioni et al., 2004) 

 

Physical inactivity has been identified as the strongest modifiable independent risk 

factor, accounting for up to 12.7% of the risk of AD (Barnes and Yaffe, 2011, Norton et 

al., 2014). In a recent Lancet report, Livingston et al. (2017) estimate that approximately 

35% of all dementia cases worldwide could be prevented by targeting nine modifiable 

risk factors, amenable to intervention. Using population attributable fractions, the nine 

identified risk factors include early life education; midlife hypertension, obesity, hearing 

loss, old-age smoking, depression, physical inactivity, diabetes, and social isolation. 

Within this report, it was projected that over 3% of dementia cases could be prevented 

by increasing physical activity alone. However, as evident (Figure 1:3), exercise plays a 

key central role across several the brain mechanisms involved in preventing dementia 

including; reduced brain inflammation, vascular, neurotoxic and oxidative stress in 

addition to increasing cognitive reserve (Livingston et al., 2017). 
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Figure 1:3 Potential brain mechanisms for preventive strategies in dementia 

(Livingston et al., 2017) 

 

It must also be noted that a number of non-modifiable risk factors for dementia and 

cognitive decline have also been identified which include higher age (Tervo et al., 2004); 

female sex (Fratiglioni et al., 2000), a genetic predisposition (apolipoprotein E (ApoE) 

Ε4 allele) (Tervo et al., 2004); and a lower socio-economic status (Sattler et al., 2012). 

 

1.4 Cognitive function, physical activity and exercise 

Physical Activity (PA) is defined as any bodily movement produced by skeletal muscles 

that results in energy expenditure. Exercise is considered a subset of PA and involves 

planned, structured, and repetitive movement that has an intermediate objective of 

improving or maintaining physical or cardiorespiratory (CR) fitness (Caspersen et al., 

1985). These definitions are offered as an interpretational framework for discussing PA, 

exercise, and cognitive function. 

 

Within a sedentary society, a lack of physical exercise is known to provoke 

cardiovascular, metabolic and metastatic diseases (Allison et al., 1999, Powell and Blair, 
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1994). However, the emergence of PA as a mediator of cognitive function is of particular 

interest due to its modifiable nature (Kramer et al., 2006). Converging evidence from 

both animal and human studies, suggest that a physically active lifestyle acts as a 

promoter of brain health mediating neural homeostasis via neuroprotective and 

neurorestorative mechanisms, thereby counteracting brain ageing and preserving 

cognitive function (Hill et al., 1993, Rowe and Kahn, 1997, Cotman and Berchtold, 2002, 

Colcombe and Kramer, 2003b, Palleschi et al., 1996). In older adults, associations have 

been demonstrated between PA and global cognition (Colcombe and Kramer, 2003b), 

executive function (Angevaren et al., 2008b, Erickson and Kramer, 2009b) and memory 

(Floel et al., 2010). Historically a relatively consistent relationship between higher PA 

levels and a reduced risk of developing dementia has been established (Buchman et al., 

2012, Sattler et al., 2011, Yaffe et al., 2001, Cotman and Berchtold, 2002). However, a 

small number of observational studies failed to report a positive relationship between PA 

and cognition or dementia (Sturman et al., 2005, Wilson et al., 2002, Yamada et al., 

2003), and recent epidemiological data has not replicated the positive associations 

reported previously (Brasure et al., 2018, Sabia et al., 2017). Furthermore, a Cochrane 

review found that PA interventions of varying intensity, duration or frequency, including 

those that successfully improved CR fitness, presented no cognitive benefit to cognitively 

healthy older adults (Angevaren et al., 2015). 

 

One issue with PA epidemiological study designs, is that results may distort 

observational associations and impede the distinction between correlation and 

causation. Another criticism of a number of the observational PA studies is the broad 

use of only self-report activity without objective measurements of PA, which may be 

prone to social desirability biases with artificially inflated rates of participation (Erickson 

et al., 2012b). Clear definition between the various modalities and quantities of PA 

behaviour is necessary to clarify the relationship between PA and cognitive function 

including the distinction between aerobic and nonaerobic physical activities (Barnes et 

al., 2003). 

 

A recent update to the American Academy of Neurology practice guideline on MCI now 

includes a recommendation for regular exercise as part of overall disease management 

(Petersen et al., 2018). Specific to MCI, cross-sectional studies have established that 

moderate PA during midlife (50-65 years), is associated with a lower risk of having MCI 

in later life (0.61 95% Confidence Interval (CI), 0.43-0.88; p=.008), with late-life 

participation in moderate exercise also associated with lower risk for MCI (0.68 95% CI, 

0.49-0.93; p=.02) (Geda et al., 2010). A meta-analysis of randomised controlled trials 
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(RCTs) by Heyn et al. (2004) reported that PA (defined as any exercise program or form 

of rehabilitative exercises, physical activity, fitness, or recreational therapy) increased 

physical fitness and improved cognitive function in adults with cognitive impairment, with 

a large effect size (Effect Size (ES)=0.57). The most recent meta-analytic review by 

Ströhle et al. (2015) found that exercise interventions had a large pooled ES in AD 

(SMCR=0.83, 95% CI 0.59 to 1.07) and small ES in MCI (SMCR=0.20, 95% CI 0.11 to 

0.28), suggesting that physical exercise has larger effects on cognition than drug 

therapy.  

 

In recent years, a broad range of exercise intervention studies have demonstrated 

cognitive benefits can be achieved with varying exercise modalities in populations with 

MCI (Baker et al., 2010a, Nagamatsu et al., 2013b, Nascimento et al., 2014a, 

Lautenschlager et al., 2008). Aerobic exercise in particular has received the most 

attention within the literature and interventional studies have reported significant 

improvements in global cognitive scores (Mini-Mental State Examination (MMSE) 

scores: 0.98, 95% CI 0.5 to 1.45, p<0.0001; Montreal Cognitive Assessment (MoCA) 

scores: 2.7, 95% CI 1.11 to 4.29, p=0.0009) with a weak but significant effect on memory 

in older adults with (immediately recall: 0.29, 95% CI 0.13 to 0.46, p=0.0005; delay recall: 

0.22, 95% CI 0.09 to 0.34, p=0.0005) (Zheng et al., 2016), and small positive effects for 

tasks measuring verbal fluency (ES=0.17) in people with MCI (Gates et al., 2013). To 

further examine the effect of structured aerobic exercise interventions on cognitive 

performance in MCI, a systematic review of this literature will be presented in Chapter 

3. 

 

1.5 The impact of acute and chronic exercise on cognitive function 

Both acute and chronic exercise have been proposed and explored as interventions that 

may augment cognitive function and slow cognitive decline (Ahlskog et al., 2011). The 

acute exercise response and the chronic adaptations to exercise training cannot be 

viewed in isolation, because frequent repetition of isolated sessions with transient 

changes produces permanent functional and structural adaptations. However, acute and 

chronic exercise represent two theoretical and functionally distinct yet complementary 

strategies that may augment cognitive function (Roig et al., 2013). Chronic exercise 

protocols involve repetitive bouts of exercise which occur over an extended time period 

lasting from weeks to years.  Cognitive changes accrued as a result of chronic exercise 

are assumed to reflect positive structural adaptations and durable changes such as 

angiogenesis (Swain et al., 2003), synaptogenesis (Dietrich et al., 2008) or neurogenesis 
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(van Praag et al., 1999a) in areas of the brain that support cognitive process. Changes 

in cardiovascular health, production of Brain Derived Neurotrophic Factor (BDNF), 

insulin sensitivity, stress, and inflammation have all been explored as potential 

mechanisms underlying the exercise-cognitive relationship (Kennedy et al., 2017). 

 

Acute exercise refers to the practice of a single bout of exercise lasting from a few 

seconds to perhaps several hours (Dietrich and Audiffren, 2011). Behavioural and 

psychological changes in cognitive performance induced as a result of acute exercise 

paradigms are assumed to be transient in nature, generally occurring at some point 

during or quite rapidly after the beginning of exercise (seconds to minutes) and 

disappearing relatively quickly following exercise cessation (minutes to hours). Rationale 

for using acute exercise to improve memory is attributed to biological and psychological 

theories (McMorris and Hale, 2012). Psychological theories propose that a single bout 

of exercise optimises the level of arousal and therefore facilitates cognitive processing 

(Audiffren et al., 2008) and memory consolidation (Berlau and McGaugh, 2006). 

Biological mechanisms implicated in these processes include increased cerebral blood 

flow (Erickson et al., 2011); reduced neuroinflammation (Parachikova et al., 2008); 

increased circulation of neurotrophins (Ferris et al., 2007) and neurotransmitters, which 

may augment cognition (Brisswalter et al., 2002). 

 

1.6 Brain Derived Neurotrophic Factor 

Brain-derived neurotrophic factor (BDNF) is a basic protein and a member of the 

neurotrophin family of growth factors that plays an important role in neuronal regulation, 

survival, repair, differentiation and plasticity by activating the receptor tyrosine kinase 

TrkB and p75 low-affinity neurotrophin receptor (Huang and Reichardt, 2001, Poo, 2001, 

McAllister et al., 1999, Yang et al., 2014, Egan et al., 2003). Among the neurotrophin 

family, BDNF has emerged as crucial mediator of neuronal plasticity, since it is highly 

concentrated in brain regions particularly relevant for plasticity and responsible for higher 

cognition (the hippocampus and cortex), but also because it plays a vital role in learning 

and memory and has demonstrated activity-dependent regulation of expression and 

secretion (Bramham and Messaoudi, 2005, Poo, 2001, Tyler et al., 2002, Cowansage et 

al., 2010, Bekinschtein et al., 2014). 

 

BDNF has demonstrated the ability to transit the blood–brain barrier (BBB) in both 

directions, with peripheral levels presenting a strong correlation with the central levels 

(Pan et al., 1998, Poduslo and Curran, 1996, Seifert et al., 2009). Since BDNF may cross 



9 

 

the BBB in both directions, it has been suggested that a substantial proportion of the 

circulating BDNF may originate from neurons and glial cells within the central nervous 

system (Pan et al., 1998). In the peripheral system, BDNF is stored in platelets and 

released during clotting processes, which leads to concentrations of serum BDNF being 

approximately 200-fold higher relative to the concentration of plasma BDNF (Fujimura 

et al., 2002). However, BDNF also has the capacity to be produced within tissues in the 

periphery, leading some authors to question whether BDNF changes in serum levels are 

the result from changes in central or peripheral BDNF processes (Erickson et al., 2012a, 

Murer et al., 2001). Furthermore, it should be noted that a large degree of variability and 

individual differences in BDNF are not unexpected and a number of influencing factors 

have been identified including; age, gender, weight status, diurnal fluctuations, diet and 

disorders of the metabolic or immunological systems (Lommatzsch et al., 2005, Szuhany 

et al., 2015). 

 

1.6.1 BDNF in aging, MCI and AD 

Converging preclinical and human studies suggest that BDNF may influence late-life 

cognitive impairment (Diniz and Teixeira, 2011, Forlenza et al., 2015). Research has 

shown that BDNF concentrations decrease with progressive age-related neuronal loss 

(Lommatzsch et al., 2005, Ziegenhorn et al., 2007, Webster et al., 2006), with some 

studies demonstrating a positive association between BDNF concentration and cognitive 

performance in healthy older adults (Gunstad et al., 2008, Komulainen et al., 2008), 

although this is not consistent across studies. Correlational evidence has shown that 

peripheral measures of BDNF are associated with hippocampal volume and spatial 

memory in older adult cohorts (Erickson et al., 2010). Similarly, attenuated loss of BDNF 

has been reported in MCI cohorts compared to elderly controls and this has shown to 

correlate with loss of cognitive function, especially in tests of episodic memory (Forlenza 

et al., 2015, Peng et al., 2005, Yu et al., 2008). A large (n=4463) cross-sectional 

observational study of community dwelling older adults, found low serum BDNF was 

associated with lower cognitive test scores on story memory and digit symbol 

substitution tasks but only marginally associated with the presence of MCI (Odds Ratio 

(OR), 95% Confidence Interval (CI): 1.41, 1.00-1.99) (Shimada et al., 2014). A random-

effects meta-analysis showed that patients with AD had significantly decreased baseline 

peripheral blood levels of BDNF compared with healthy control subjects (24 studies, 

Hedges' g=−0.339, 95% CI =−0.572 to −0.106, P=0.004) (Qin et al., 2017). Furthermore, 

subjects with MCI showed a trend for decreased BDNF levels compared with healthy 

control subjects (14 studies, Hedges' g=−0.201, 95% CI=−0.413 to 0.010, P=0.062) but 
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no differences were found between AD and MCI subjects in BDNF levels (11 studies, 

Hedges' g=0.058, 95% CI=−0.120 to 0.236, P=0.522) (Qin et al., 2017). While a number 

of studies have found peripheral BDNF to be significantly reduced in MCI and AD 

patients compared to healthy controls (Forlenza et al., 2015, Lee et al., 2009), increased 

peripheral BDNF has been reported among a number of other studies (Angelucci et al., 

2010, Laske et al., 2006).  In addition to MCI, decreased peripheral levels of BDNF have 

been observed in a number of psychiatric and neurodegenerative disorders including 

anxiety, depression and AD and dementia (Phillips et al., 1991, Yasutake et al., 2006, 

Brunoni et al., 2008, Chen et al., 2006). However, consensus opinion on the role BDNF 

plays in the neuropathology of these disease processes, including AD and MCI is 

equivocal.  

 

Although the above-mentioned studies comparing diagnosed MCI and AD patients with 

healthy controls failed to find consistent differences in serum BDNF levels between 

groups, Laske et al. (2006) suggest that peripheral levels of BDNF may increase in the 

early stages of the disease as a compensatory repair mechanism and then decrease 

according to the severity of the neurodegeneration and Aβ amyloid accumulation. 

Another plausible explanation for inconsistent results regarding the levels of BDNF for 

individuals with MCI is the differences in the methodology used to classify MCI patients 

and the inclusion different of different MCI subgroups (Borba, 2012).  

1.6.2 BDNF response to exercise 

Physical exercise is capable of inducing a cascade of molecular and cellular processes 

which promote angiogenesis, neurogenesis and brain synaptogenesis (Deslandes et al., 

2009, Eggermont et al., 2006, Lista and Sorrentino, 2010). The neurobiological 

mechanisms responsible for the beneficial effects of physical exercise on cognition 

include, the increase of brain blood flow in several cortical and subcortical areas that 

results in an increase in the synthesis and use of neurotransmitters (Pereira et al., 2007, 

Burdette et al., 2010), a decrease in the formation of the beta amyloid protein (Adlard et 

al., 2005), and an increase in the synthesis and release of BDNF (Coelho et al., 2014). 

Among the large body of animal research, a characteristic finding is the exercise-induced 

increase in BDNF in the hippocampus, an area involved in learning and memory 

formation (Vaynman et al., 2003, Neeper et al., 1995). Exercise-induced BDNF activity 

has demonstrated the ability to reduce the threshold for successful encoding and 

memory (Intlekofer and Cotman, 2013) and has been hypothesised to place the brain in 

a state of readiness for plasticity (Cotman et al., 2007).  
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A recent meta-analysis found that exercise interventions led to higher resting 

concentrations of peripheral BDNF in healthy adult populations (0.39, 95% CI: 0.17–

0.60, p < 0.001), with results indicating a significant effect in aerobic (0.66, 95% CI: 0.33–

0.99, p < 0.001) but not resistance training (0.07, 95% CI: -0.15–0.30, p = 0.52) (Dinoff 

et al., 2016). Similarly, a single session of exercise has been shown to increase 

concentrations of peripheral BDNF in an intensity-dependent and transient nature 

(Schmidt-Kassow et al., 2014, Ferris et al., 2007, Tang et al., 2008, Saucedo Marquez 

et al., 2015, Schmolesky et al., 2013, Knaepen et al., 2010). Szuhany et al. (2015) 

reported pre-post exercise change in BDNF levels across a single exercise session 

reflected a moderate ES (Hedges' g = 0.46, SE = 0.08, 95% CI = 0.30–0.63, z = 

5.54, p < 0.001). The most recent meta-analysis examining the effect of acute exercise 

on peripheral blood BDNF concentration in healthy adults also found a significant 

increase after a single session of exercise (SMD = 0.59, 95% CI: 0.46–0.72, P < 0.001), 

with longer duration of exercise associated with greater increases in BDNF (Dinoff et al., 

2017).  

 

Conclusion of both reviews are in agreement with earlier research that stated the 

magnitude of change in response to acute aerobic exercise is intensity and duration 

dependent. Schmidt-Kassow et al. (2014) showed that BDNF levels gradually increased, 

reaching maximal levels after 20 min of exercise and returned to baseline values after 

10 minutes of recovery. Several studies have demonstrated that short episodes of high 

intensity exercise result in increased serum levels of BDNF in humans with serum 

concentration appearing to return to pre-exercise baseline levels within 30–50 minutes 

following cessation of activity (Ferris et al., 2007, Tang et al., 2008). A review by 

Knaepen et al. (2010) described a dose-response relationship between acute exercise 

and peripheral BDNF concentrations, with high intensity and graded exercise tests 

eliciting the greatest exercise-induced increases in peripheral BDNF concentration in 

healthy participants. Importantly, the increase in peripheral BDNF concentrations 

following acute exercise has been shown to remain elevated following conclusion of the 

exercise but returns to baseline levels between 10–60 minutes. Investigating the 

neurobiological changes that may modulate these acute effects over time, will help in 

deepening the understanding of the long-term structural and physiological changes that 

have been described following long-term exercise interventions. It may also help to 

determine optimal strategies to maximise the effects of both acute and chronic exercise 

on brain functioning in individuals with MCI. 
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Exercise-driven increases in BDNF levels are controlled by neuronal activity, 

neurotransmitters and interactions with peripheral factors that include oestrogen, 

corticosterone and possibly Insulin Growth Factor-1 (IGF-1) (Cotman and Berchtold, 

2002). It is known that BDNF expression is modulated by increased oestrogen levels 

(Singh et al., 1995). In that way, the decline in oestrogen levels in women in the 

menopause (Simpkins et al., 1997) may result in lower expression of BDNF. Meta-

analytic reviews have found a gender-based response of BDNF to exercise with men 

presenting a greater BDNF response to exercise compared to women (Dinoff et al., 

2017, Szuhany et al., 2015). In females, the benefits of exercise appear to depend on 

the presence of oestrogen (Berchtold et al., 2001), as reduced levels of oestrogen 

compromise neuronal function, survival and synaptogenesis in animal models (Wise et 

al., 2001), and decrease hippocampal availability of BDNF (Berchtold et al., 2001, Singh 

et al., 1995).  

 

While evidence supports strong associations between higher levels of CR fitness and 

cognitive function (Wong et al., 2015, Smith et al., 2010), the relationship between BDNF 

and CR fitness is unclear. The majority of observational studies have suggested an 

inverse relationship between the two variables (Huang et al., 2014, Babaei et al., 2014, 

Currie et al., 2009, Jung et al., 2011, Cho et al., 2012), while others have shown 

negligible effects (Swift et al., 2012, Whiteman et al., 2014). One proposed theory 

underlying this negative association is that highly fit subjects present with elevated 

resting cortisol levels (Luger et al., 1987, Mastorakos et al., 2005) and high levels of 

cortisol (induced by high fitness or stress) inhibits hippocampal BDNF production in 

animal models (Schaaf et al., 2000, Murakami et al., 2005, Grønli et al., 2006). Another 

proposed theory, is that reduced levels of serum BDNF in more physically active 

individuals reflects a more efficient uptake mechanism of peripheral BDNF into the 

central nervous system, hence lowering basal resting levels. However, despite the 

inverse relationship described between BDNF and CR fitness, a recent meta-analytic 

review by Dinoff et al. (2017) reported significant associations between VO2peak and 

effect sizes in studies measuring the effects of acute exercise on BDNF (β = 3.548, P = 

0.002, df = 23), indicating greater increases in peripheral BDNF after acute exercise in 

those with greater CR fitness. Given the conflicting reports, further research is needed 

to elucidate the relationship between BDNF and CR fitness. 

1.7 Acute exercise, BDNF and cognitive performance 

Findings from both rodent and human studies suggest upregulation of BDNF as a 

potential mechanism of the effect of acute exercise on cognition (Gómez-Pinilla et al., 
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2002, Vaynman et al., 2004, Van Praag et al., 2005, Griffin et al., 2009). A meta-analytic 

review examining the effect of exercise on BDNF levels in three exercise paradigms 

(Szuhany et al., 2015), indicated a moderate ES for increases in BDNF following a single 

session of exercise (Hedges’ g = 0.46, p < 0.001). Interestingly, chronic exercise training 

intensified the effect of a single session of exercise on BDNF levels (Hedges’ g = 0.58, 

p = 0.02). Finally, results indicated a small effect of chronic exercise on resting BDNF 

levels (Hedges’ g = 0.28, p = 0.005). Increased BDNF in response to exercise has been 

demonstrated with some studies also reporting simultaneous improvements in cognitive 

performance (Ferris et al., 2007, Griffin et al., 2011, Tsai et al., 2014b, Winter et al., 

2007). Meta-analytic reviews support the beneficial effects of acute exercise on cognitive 

performance, with reasonably robust effects that are generally small in magnitude (ES = 

0.11–0.20) (Chang et al., 2012, Lambourne and Tomporowski, 2010). Studies exploring 

the acute exercise–BDNF–cognitive performance relationship have had mixed findings, 

but this may be more reflective of methodological differences between studies than it is 

a statement about the role of BDNF. For example, significant associations have been 

observed between acute exercise-induced change in peripheral BDNF concentration 

and cognitive performance in studies assessing memory while non-significant 

associations were found in studies assessing non-memory cognitive domains 

(Piepmeier and Etnier, 2015). Given that memory tasks tend to rely on hippocampal 

activity, executive functions are frontal lobe-dependent and that the hippocampus is a 

major area of BDNF expression, it may be that BDNF is only critical to the performance 

of memory tasks and is not implicated more broadly in explaining the effects of acute 

exercise on other types of cognitive performance (Piepmeier and Etnier, 2015). 

 

The acute exercise-BDNF response had previously not been studied in an MCI cohort. 

However, a recent study by Tsai et al. (2018) found an acute bout of 30 minutes aerobic 

exercise significantly increased serum levels of BDNF and IGF-1 in elderly aMCI 

individuals, with levels returning to baseline resting levels approximately 20 minutes after 

exercise. This PhD thesis will provide a more comprehensive analysis on the acute 

exercise-BDNF and cognitive relationship in an MCI cohort. 

 

1.8 Summary 

As discussed throughout this chapter, a growing body of literature suggests that exercise 

may help slow the progression of cognitive decline in people with MCI, yet very little is 

known about the effects of acute exercise (a single bout of exercise) on BDNF 

concentration and cognitive performance in this patient population. The literature 
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examining the relationship between acute exercise, BDNF and cognition is in its infancy, 

and while positive effects have been demonstrated in healthy young adult populations, 

this research is notably lacking in cognitively impaired populations. Exploring the BDNF 

response to acute and chronic exercise may offer new insights into a mechanism of 

action underlying the exercise-cognitive relationship in an MCI cohort. Across studies, 

one component of exercise prescription (modality, duration or intensity) was manipulated 

to test the impact of manipulating these variables on levels of BDNF concentration and 

cognitive performance. The overarching aim of this thesis was to investigate the effect 

of acute (varying modality, duration or intensity) and chronic exercise on serum BDNF 

concentration and cognitive performance (visuospatial learning and memory, attention 

and executive function) in a group of sedentary older adults with amnestic type MCI 

(Table 1-1).  

 

The following Chapter 2: Methodology will discuss the sub-studies specific to the PhD 

programme, outlining the aim, objective and design of Studies I-V, in addition to an 

overview of the NeuroExercise study and the integration and alignment of the PhD 

programme to NeuroExercise. 
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Table 1-1 Overview of the studies in the PhD programme outlining study title, aims and study type. MCI: Mild Cognitive Impairment. BDNF: 

Brain Derived Neurotrophic Factor. 

Study Aim Study type 

The effect of structured aerobic exercise on 

cognitive performance in mild cognitive 

impairment: a systematic review 

• To investigate the effects of structured aerobic exercise training 

(specific focus on exercise prescription parameters) on cognitive 

performance in individuals with MCI.  

• Secondary analysis of the included studies explored blood 

biomarkers and measures of cardiorespiratory fitness. 

Systematic 

Review 

Study I: High intensity acute aerobic 

exercise effects brain derived neurotrophic 

factor in mild cognitive impairment: a 

randomised controlled study 

 

• To investigate the immediate change in serum BDNF and 

cognitive performance following a short bout of high intensity 

aerobic exercise compared to a resting control condition. 

• To explore sex differences in serum BDNF and cognitive 

performance following an acute bout of high intensity exercise 

Randomised 

Controlled study 

Study II:  A comparison of contrasting 

aerobic exercise protocols on serum brain 

derived neurotrophic factor concentration 

and cognitive performance in mild cognitive 

impairment   

• To compare the effect of two distinct acute aerobic exercise 

protocols (short bout high intensity versus longer bout moderate 

intensity) on serum BDNF concentration and cognitive 

performance in an MCI cohort 

 

Within subjects 

Pre post-test 

design 

Study III:   An investigation of two distinct 

acute exercise paradigms on serum brain 

derived neurotrophic concentration and 

• To investigate the effect of two distinct acute exercise modalities 

(moderate intensity aerobic versus non-aerobic balance and 

Experimental 

study  
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cognitive performance in mild cognitive 

impairment 

toning) on serum BDNF concentration and cognitive 

performance in individuals with MCI.  

 

Pre post-test 

design 

Study IV:  The impact of acute and chronic 

exercise on serum brain derived 

neurotrophic factor concentration and 

cognitive performance following 6 and 12 

weeks of structured exercise training in mild 

cognitive impairment 

• To examine whether 12 weeks of structured aerobic training had 

a cumulative effect on resting measures of serum BDNF 

concentration and cognitive performance compared to a balance 

and toning group.   

• To explore whether chronic aerobic training increases the 

magnitude of acute exercise BDNF and cognitive response.  

Experimental 

Study 

Pre post-test 

design 

Study V:   Peripheral brain derived 

neurotrophic factor and episodic memory in 

a mild cognitive impairment population: 

results from a one-year exercise 

intervention study 

• To examine serum BDNF concentration and episodic memory in 

a group of older adults with amnestic MCI over a 1-year period 

and to investigate whether there was a difference between three 

intervention groups (aerobic exercise v balance and toning v 

control). 

• To investigate change in cardiorespiratory fitness (VO2max) in 

an MCI cohort over a one-year period and explore whether 

participation in a structured exercise intervention lead to 

changes in cardiorespiratory fitness compared to a control group 

Interventional 

study with 1-

year follow-up 
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2 Chapter 2: Methodology 

2.1 Introduction 

This chapter will describe study design, sampling methods, data analysis and the 

background to assessment procedures used across studies I-V, presented in Chapters 

4-8 in this thesis. Several assessments are common to all studies and subsequent 

chapters will refer back to the relevant sections in this chapter when describing individual 

study methods. 

 

The studies discussed in this thesis were designed as a number of sub-studies to the 

NeuroExercise study. As such, participant selection criteria was uniform across studies 

and will be discussed in this chapter to limit duplication in later chapters. The 

NeuroExercise study is a European multi-centre Randomised Controlled Trial (RCT) 

examining ‘The effects of an extensive exercise programme on the progression of Mild 

Cognitive Impairment (MCI): study protocol for a randomised controlled trial’ (Devenney 

et al., 2017). The protocol paper for the NeuroExercise study, which was written by the 

author of this thesis (KD), was published in BMC Geriatrics and is available in Appendix 

I.  I was study coordinator at the Dublin site and had responsibility for overseeing study 

implementation.  

 

The NeuroExercise study recruited from the German Sports University in Cologne, 

Radboud University Medical Centre in Nijmegen, the Netherlands and Trinity College 

Dublin.  In the NeuroExercise study, participants (target accrual of 75 at each site) were 

randomised to either a yearlong aerobic exercise (AT) intervention, balance and toning 

(BAT) (non-aerobic) exercise intervention or control group. The primary outcome was 

change in cognitive performance as measured by a neuropsychological test battery. 

Secondary outcomes included measures of cardiovascular fitness, physical activity, 

epigenetics, quality of life and measures of frailty.  

 

The aim of this PhD thesis was to examine the effect of acute exercise (varying intensity, 

type and duration), within the context of a chronic exercise intervention and, on 

peripheral BDNF concentration and cognitive performance in people with MCI. The 

NeuroExercise study is described in detail in section 2.3 of this chapter. 
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2.2 Background research methods 

2.2.1 Study designs 

Two broadly defined types of studies are reported in health research: observational and 

experimental. There are three main types of observational studies that are distinguished 

by the study objective, sampling methods and the timeline of data collection. These are 

cross-sectional, case-control, and cohort studies which have been widely utilised in 

clinical research to answer observational research questions.  

 

In observational studies, the inability to control for confounding variables is a 

considerable limitation. A confounding variable is independently associated with both the 

variable of interest and the outcome and may provide an explanation for the result (Mann, 

2003).  In addition, because the exposure and outcome are simultaneously assessed, 

there is generally no evidence of a temporal relationship between exposure and 

outcome. Observational studies possess an ability to address a broader range of 

questions with results more likely to include a broad representation of the population at 

risk. 

 

Experimental design (randomised or non-randomised) refers to studies in which the 

investigator assigns an exposure to a group and may further compare the outcome of 

this exposure to a control group. Experimental studies can be subdivided into 

randomised and non-randomised trials (Grimes and Schulz, 2002). In experimental 

studies, the randomised controlled trial (RCT) is considered the most reliable research 

design to test interventions (Riffenburgh, 2012, Stel et al., 2007). Randomised controlled 

trials (RCTs) were first introduced into clinical medicine in 1948 when streptomycin was 

evaluated in the treatment of tuberculosis. Since then, RCTs are widely regarded as the 

gold standard in clinical research as the randomisation procedure controls for 

confounding variables and help to eliminate selection bias, both important 

methodological issues observed in trials.  

 

The quantitative studies of this thesis are experimental in nature. Study I is a randomised 

controlled study and studies II – V have a pre-post-test design. The design of each study 

with be discussed within the relevant chapters. 
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2.2.2 Sampling 

An adequate sampling method and sufficient sample size are necessary in quantitative 

research to ensure that statistical results can be detected, findings have external validity 

and can be generally applied to the population of interest (Fox et al., 2007). Statistical 

work in health research typically involves using a sample to draw conclusions from a 

larger population. To this end, it is necessary to utilise a means of reducing the number 

of participants in a study without increasing the risk of bias. Random or probability 

sampling are sampling methods used in a specific populations with the aim of reducing 

selection bias (Bland, 2015, Riffenburgh, 2012). The probability that a member of the 

population will be chosen for the sample is purely by chance. The list from which the 

sample is to be drawn is referred to as the sampling frame (Bland, 2015, Carter and 

Lubinsky, 2016). Random sampling implies that all people within the sampling frame 

have an equal probability of being selected for the study (Fox et al., 2007).  

 

When random sampling is not possible, non-probability sampling methods are used as 

an alternative sampling method. As non-probability sampling methods remove the 

element of random selection, they cannot be fully reflective of a population and are 

inherently biased. However, these methods can be useful in exploratory research such 

as pilot studies and are widely used in rehabilitative research (Carter and Lubinsky, 

2016). Common non-probability sampling methods include convenience sampling, quota 

sampling, purposive sampling, and self-selection sampling. In this PhD thesis, purposive 

criterion and self-selection sampling were used as sampling methods and these will be 

discussed in later chapters. 

 

When planning a study, a key consideration is the number of participants and 

observations required to adequately answer the research question. Too many 

unnecessary observations wastes resource, while too few will reduce the power of the 

study (Suresh and Chandrashekara, 2012). The objective during sample size calculation 

is to find a balance between the risk of a type I or type II error occurring. A type I error 

(α) occurs when the null hypothesis is rejected when it is true. A type II error (β) occurs 

when the null hypothesis is accepted when it is in fact false (Bland, 2015).  

 

Calculation of sample size involves specification of a number of parameters including: 

• An estimate of the standard deviation is required to give indication of magnitude 

of chance variation.  

• It must be specified whether a one or two-sided test is required.  
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• A significance level (α) i.e. risk of type I error must be defined. Conventionally 

0.05 and 0.01 are used.  

• The minimal important difference (∆) of the outcome of interest must be specified.  

• The power (1- β) of the test must be determined. A powerful test is one which has 

a high probability of rejecting the null hypothesis when it is false. Most studies 

aim to have a power of 80% or higher (Riffenburgh, 2012, Mullins, 2003).  

 

2.2.3 Reliability and validity 

In quantitative research, reliability and validity are often used when assessing research 

rigour. Reliability relates to the stability of findings while validity is concerned with the 

truthfulness of findings (Carpenter and Suto, 2008). 

2.2.3.1 Reliability 

Reliability is regarded as the credibility and consistency of research findings and is often 

related to whether findings are free from measurement error when repeated under 

identical conditions (McDowell and Newell, 1996). Reliability can be described in term of 

relative and absolute reliability. Relative reliability, reported as inter-rater and intra-rater 

reliability examines the relationship between two or more sets of repeated measures and 

informs us about the error that may exist in an outcome measure (Huang et al., 2011). 

Intra-rater reliability describes the extent to which the same person can rate the same 

performance consistently. Inter-rater reliability describes the extent to which different 

people rate the same performance consistently.  

2.2.3.2 Validity 

Validity is concerned with the integrity of measurement and refers to the degree to which 

a scale measures what it is intended to measure (Bryman, 2015). Evaluating the validity 

of a tool is especially important when measuring constructs that are not directly 

observable (Liamputtong, 2013). Validity is not inherent to an instrument and is best 

evaluated within the context of a test’s intended use and specific population (Streiner et 

al., 2015). Methods and types of validity that are commonly evaluated include: content, 

construct and criterion validity (Liamputtong, 2013).  

 

2.2.4 Principles of data analysis in quantitative research 

Quantitative health research involves the measurement of health phenomena with the 

resulting data commonly summarised and analysed using statistics. Firstly, descriptive 

statistics are used to summarise data and interferential statistics are then used to 
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analyse the data. Descriptive statistics include measures of central tendency (the mean 

(M) and the median (Md)), and measures of dispersion (the standard deviation (SD) and 

interquartile range (IQR)). Categorical variables (derived from nominal or ordinal data) 

are analysed using frequencies or the percentage of frequencies. Descriptive statistics 

for categorical variables are presented in pie-charts and bar charts. Continuous variables 

(scale data) are described by a measure of central tendency (mean, median, and mode) 

and a measure of variation around the mean / median (standard deviation / interquartile 

range). Graphically descriptive statistics for continuous data can be presented in 

histograms or boxplots. Descriptive statistics for continuous variables provide 

information regarding the distribution of scores. Skewness refers to the symmetry of the 

distribution and kurtosis gives an indication of the peak of the distribution (Pallant, 2016). 

 

Data normality is an underlying assumption in parametric testing and it illustrated by a 

normal curve around the mean. An assessment of normality of data us a prerequisite for 

many statistical tests. Normality can be identified through the visual interpretation of the 

descriptive data including normality Q-Q plots and histograms. Normality can also be 

assessed through numerical methods such as the Shapiro-Wilk test. The Shapiro-Wilk 

test assesses if data is normally distributed for each independent variable and is 

recommended in small sample sizes of (<50 participants). The statistical result of the 

test indicates whether the data is normally distributed (p >0.05) or not normally 

distributed (p <0.05). In the case of non-normally distributed data, log transformations 

can be applied to achieve log-normality or non-parametric tests can be used. Normally 

distributed data is described as mean (standard deviation) and non-normally distributed 

data is described as median (inter-quartile range). 

 

Statistical tests can be utilised to compare differences in continuous variables between 

groups. Parametric tests include the independent-samples t-test, the paired-samples t-

test, and analysis of variance (ANOVA). The non-parametric alternatives to these tests 

are the Mann-Whitney U Test, Wilcoxon Signed Rank Test, and the Kruskal-Wallis Test 

(Pallant, 2016, Bland, 2015, Riffenburgh, 2012). Statistical significance testing considers 

if an observed difference is sufficiently large enough to warrant concluding the existence 

of a systematic difference from a hypothesised value. With statistical testing, the 

hypothesis to be tested is referred to as the null hypothesis (H0), it is assumed to be true 

unless the statistical test clearly demonstrates otherwise. The alternative hypothesis is 

labelled H1. If H0 is rejected the test is deemed to be statistically significant (Mullins, 

2003). A p-value is an estimate of the probability of getting the observed results when 

the null hypothesis is true.  The significance level of a test is referred to as alpha (α), and 



22 

 

is the value below which the difference between groups is not likely due to chance. Alpha 

is most commonly set at 0.05. A p-value of >0.05 indicates a non-significant result and 

that the null hypothesis should not be rejected. A p-value of <0.05 indicates a statistically 

significant result and that the null hypothesis should be rejected. Alternatively, 

confidence intervals which represent the spread of the data can be used to determine 

statistical significance. Confidence limits are typically set at 0.95 (95% CI). In statistical 

testing 95% CIs which do not contain zero are deemed to be statistically significant at 

the 5% level (Gardner and Altman, 1986).  

 

Relationships between variables can be analysed using correlations and regression 

analysis. Correlations coefficients are used to summarise the degree of relationship 

(correlation) between variables. The value of correlation coefficient ranges from + 1 

(perfect positive correlation), through 0 (no correlation), to -1 (a perfect negative 

correlation). In health research, the Pearson correlation coefficient (interval or ratio) and 

the Spearman’s correlation coefficient (non-parametric, mixed levels of measurement) 

are commonly used.  Multiple regression analysis involves a multivariate procedure that 

assesses the degree to which scores for a subset of variables predict scores for another 

variable in the set. 

 

2.2.5 Statistical approach in this thesis 

Data analysis was performed in all studies in this thesis using IBM SPSS Statistics 

version 24 (SPSS Inc, Chicago, IL). Preliminary analyses were performed to ensure no 

violation of the assumptions of normality by visual inspection of histogram and Q-Q plots 

and using Kolmogorov-Smirnov test (p>.05). Normally distributed data are presented as 

means (SD) and non-normally distributed data as medians (IQR). Categorical variables 

are presented as frequency (percentage). Change in BDNF concentrations and cognitive 

performance from pre-post each exercise bout was examined using paired sample t-

tests for repeated measures on each patient and independent samples t-test for 

comparison between two exercise states. Non-parametric tests were used if data was 

not normally distributed. Correlations between BDNF and cognition were examined using 

Pearson Product Moment correlations or Spearman’s rho correlations as appropriate. 

Significance is taken at p<0.05.  

 

To standardised baseline data, BDNF data was examined for outliers, with 

measurements ± 2 Standard Deviations (SD) removed from the mean excluded as per 

standard approach (Griffin et al., 2011).  Secondly, relative change (%) in BDNF was 
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reported as appropriate, consistent with published reports (Knaepen et al., 2010, 

Saucedo Marquez et al., 2015).  

  

A power analysis on the primary outcome (BDNF) was performed in study I, Chapter 4. 

As all other studies within this thesis were considered exploratory work and nested within 

the larger NeuroExercise trial, a power calculation was not performed. Full details of 

statistical analysis for each study is presented in the relevant chapters.  

 

2.3 Overview of the NeuroExercise Study 

Within the NeuroExercise study, the author (KD) had the responsibility for overseeing 

study implementation and coordination at the Dublin site. Duties included ethics 

submission at each site, participant screening and recruitment, study assessments, 

implementation of the 12-month NeuroExercise exercise protocol, data management, 

data analysis and liaising with local referring sites and international partners. Recruitment 

began in January 2016 and the final study assessment was complete in August 2018. 

 

2.3.1 Ethics approval 

Ethical approval for the NeuroExercise Study and all studies within the PhD programme 

was obtained from the joint St. James’s / Tallaght Hospital Joint Research and Ethics 

Committee (REC) (Appendix IV). In addition, REC approval was obtained from Mater 

Misericordiae University Hospital, St. Vincent’s University Hospital and St. Patrick’s 

University Hospital which were referral sites to the NeuroExercise study (Appendix V). 

All procedures were performed in accordance with the 1964 Helsinki declaration and its 

later amendments. All researchers completed training in Good Clinical Practice and 

General Data Protection Regulation provided by Wellcome Trust Health Research Board 

Clinical Research Facility in St. James’s Hospital. All participants provided written 

informed consent (Appendix VI). 

 

2.3.2 Recruitment and screening 

Two recruitment strategies were established for the NeuroExercise study in Dublin; a 

hospital-based recruitment network and a community-based advertisement strategy. A 

network of external referring sites was established to aid recruitment rates and seven 

memory clinics in the greater Dublin area were affiliated to the NeuroExercise study at 

the Dublin site. The community recruitment strategy consisted of study advertisements 

(Appendix VII) and study posters (Appendix VIII) which appeared in newspapers, parish 
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newsletters and GP practices around the Dublin area. In both recruitment strategies, 

initial screening was completed over the telephone to determine eligibility. Participants 

were then invited to a face-to-face screening appointment and those who met the defined 

diagnostic, inclusion and exclusion criteria and successfully completed all baseline 

measures were enrolled. Using these methods, 62 previously sedentary adults aged 50 

years or older meeting MCI diagnostic criteria were recruited to the NeuroExercise study 

at St. James’s Hospital Dublin (Table 2:1). 

 

 

Figure 2:1 Recruitment, screening and selection of participants to the 

NeuroExercise Study 

2.3.3 Diagnostic criteria 

Participants had a diagnosis of MCI due to AD according to the National Institute on 

Aging and Alzheimer’s Association (NIA-AA) criteria (Albert et al., 2011) criteria. All 

enrolled participants with MCI were classified as having memory decline but not 

dementia (Clinical Dementia Rating global score = 0.5), consistent with established MCI 

classification (Albert et al., 2011, Petersen, 2004). 

 

2.3.4 Inclusion criteria 

Participants who met the following criteria were eligible to participate in the 

NeuroExercise study and consequently each of the four sub-studies presented in this 

thesis: (1) Montreal Cognitive Assessment  (MoCA) (Nasreddine et al., 2005) 18-26; (2) 
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stable medical condition for more than six months; (3) stable medication for more than 

three months; (4) adequate visual and auditory acuity to complete neuropsychological 

testing; (5) electrocardiogram without significant abnormalities that might interfere with 

the study; (6) physical ability sufficient to allow performance of endurance exercise 

training; (7) capacity to provide written and dated informed consent form; (8) medical 

clearance to undergo a symptom-limited cardiopulmonary exercise test and extensive 

aerobic exercise training. 

 

Participants recruited from the community via newspaper articles and community 

advertisements completed additional testing to determine MCI status. To distinguish 

between amnestic and non-amnestic MCI, agreed education adjusted cut-offs of -2 SD 

for low education (<10 years of education), -1.5 SD for the middle group (10-13 years of 

education) and -1 SD for the highly educated (>13 years of education) were taken from 

the delayed recall portion of an age adjusted episodic memory test using the Logical 

Memory (story recall) subtest of the Wechsler Memory Scale (WMS-IV) (Wechsler, 

2014). 

 

2.3.5 Exclusion criteria 

Any individual who met any of the following criteria was excluded: (1) diagnosis of AD or 

other type of dementia; (2) history of familial early-onset dementia; (3) enrollment in any 

investigational drug study; (4) history in the past two years of epileptic seizures 

(participants with epilepsy who have been stable off medication or seizure free for two 

years may be included); (5) any major psychiatric disorder (a clinical diagnosis of major 

depressive disorder, bipolar or schizophrenia); (6) past history or MRI evidence of brain 

damage, including significant trauma, stroke, hydrocephalus, mental retardation, or 

serious neurological disorder; (7) carotid stent or severe stenosis; (8) history of 

myocardial infarction within previous year; (9) congestive heart failure (New York Heart 

Association Class II, III or IV) (10) uncontrolled hypertension or hypotension (systolic 

blood pressure >200 mm Hg and/or diastolic blood pressure >110 mm Hg at rest); (11) 

unstable cardiac, renal, lung, liver, or other severe chronic disease; (12) type II diabetes 

mellitus with hypoglycemia in the last 3 months; (13) significant history of alcoholism or 

drug abuse within last 10 years; (14) engagement in moderate-intensity aerobic exercise 

training for more than 30 minutes, 3 times per week, during past 2 years; (15) history of 

vitamin B12 deficiency or hypothyroidism (stable treatment for at least three months is 

allowed); (16) serious or non-healing wound, ulcer, or bone fracture. 
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2.3.6 NeuroExercise intervention 

Participants in the NeuroExercise study were randomised to one of three groups. 

Following baseline assessment (T0), participants were randomised to one of three arms 

using a centrally controlled computer-generated randomisation list generated by an 

independent statistician. Investigators were blinded to allocation order and the treatment 

was assigned using sealed envelopes based on order of recruitment. Study outcome 

assessors were not blinded to the allocated treatment arm. Participants were randomised 

to either a 48-week (3 units of 45min / week) aerobic exercise (AT) (n=19), equivalent 

balance and toning (BAT) intervention (n=22) or to the control group (n=21) as part of 

the NeuroExerise study.  The aim of the exercise intervention groups was to complete 3 

x 45-minute exercise sessions per week. Exercise sessions were supervised twice 

weekly for the first 8 weeks and once weekly thereafter. Participants completed 

unsupervised exercise sessions at home as instructed by the supervising 

physiotherapist. Participants were instructed to record unsupervised sessions using a 

home exercise diary (Appendix IX). This information was collected and logged by the 

study exercise trainer each week at the supervised exercise session. 

2.3.7 Relationship between the NeuroExercise Study and this thesis. 

For this thesis, participants with MCI, recruited to participate in the NeuroExercise study 

completed blood sampling and cognitive measures pre and post separate and controlled 

acute exercise conditions. These will be discussed below and related to relevant studies. 

See Figure 2:4 for a pictorial timeline outlining how PhD studies relate to the 

NeuroExercise Study. 

 

2.4 Exercise conditions 

2.4.1 Exercise condition 1: Short bout high intensity aerobic exercise 

A short bout of high intensity (maximal) exercise was used to examine the research 

questions presented in Study I, Study II and Study V. This exercise condition was a 

graded exercise test which formed part of the baseline and exit assessment of 

cardiorespiratory (CR) fitness for NeuroExercise study participants. Cardiopulmonary 

Exercise Testing (CPET) measuring maximal oxygen uptake VO2max is considered the 

most reliable measurement of CR fitness (Agnew, 2010). CPET is considered safe with 

recent data reporting risk of serious complications <2 per 10,000 tests performed (Myers 

et al., 2002).  Attention to contraindications for exercise testing, careful monitoring during 

the test and knowledge of the test termination criteria were adhered to for improved 
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safety (ACSM, 2010). Prior to performing a CPET, a number of aspects of testing were 

determined including the equipment to be utilised and the test protocol.  

 

2.4.1.1 Safety considerations 

Each CPET was administered by a physiotherapist who was experienced in exercise 

testing. The study doctor, Dr Damien Ferguson, Neurology Registrar was also present 

for the duration of the CPET and provided medical clearance for study participants to 

participate in exercise testing and training. Prior to participating in the CPET, all 

participants were screened for contraindications to exercise testing and prescription. 

Absolute and relative indications for stopping exercise (both testing and training) are 

provided in (Table 2-1, Appendix X).   

 

At the start of screening, participants were required to answer a number of questions 

pertaining to their medical history and answers were recorded on a case report form 

(Appendix XII). This included questions with regard to cardiovascular disease, 

respiratory disease, diabetes, orthopaedic conditions, neurological conditions and any 

other medical conditions that may impact on their ability to exercise safely. Participant’s 

current medications were also recorded.  Baseline assessment of cardiovascular status 

included resting heart rate (HR), blood pressure (BP) measurement (seated and 

standing), and oxygen saturations. Participants had a resting 12- Lead 

Electrocardiogram (ECG) (Philips PageWriter TC70 Cardiograph, USA) in advance of all 

CPETs. The CPET was not performed if the doctor identified any ECG abnormalities 

which are contraindications to exercise testing.  In line with NeuroExercise study 

protocol, any case of BP measurements outside the acceptable range (resting systolic 

BP > 200 mmHg and/or diastolic BP > 110mmHg), arrthymias on ECG (ACSM, 2010) or 

room air saturations < 85% at rest (ATS/ACCP, 2003), the CPET was not performed and 

participants were referred to appropriate follow up services. 

 

All CPETs took place in the Wellcome Trust - Health Research Board (HRB) Clinical 

Research Facility (CRF) at St James’s Hospital (SJH). The CRF is a dedicated research 

centre within SJH which is staffed by research nurses. Crash trolley facilities are 

available within the CRF, and the CRF is serviced by the SJH crash team. All members 

of the research team were up to date basic life support (BLS) training prior to 

commencing work in the CRF. All researchers were also required to complete a 

structured induction to the CRF which included instructions in the event of an emergency.  
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Table 2-1 American College of Sports Medicine (ACSM, 2010) indications for 

stopping exercise testing 

Indicators for Stopping Exercise 

Absolute indications for Stopping Exercise:  

• Suspicion of a myocardial infarction or acute myocardial infarction (heart 

attack) 

• Onset of moderate-to-severe angina (chest pain) 

• Drop in systolic blood pressure (SBP) below standing resting pressure or drop 

in SBP with increasing workload accompanied by signs or symptoms 

o Hypotensive response resulting in SBP <60mmHg 

• Signs of poor perfusion (circulation or blood flow) including pallor (pale 

appearance to the skin), cyanosis (bluish discoloration) or cold and clammy 

skin 

• Severe or unusual shortness of breath 

• CNS (central nervous system) symptoms 

o Ataxia (failure of muscular coordination) 

o Vertigo (an illusion of dizzying movement) 

o Visual or gait (pattern of walking or running) problems 

o Confusion 

• Patient’s request to stop 

• Irregular pulse 

• Extreme fatigue 

Relative Indications: 

• Increasing chest pain 

• Physical or verbal manifestations of shortness of breath or severe fatigue 

• Wheezing 

• Leg cramps or intermittent claudication (grade 3 on a 4-point scale) 

• Hypertensive response 

 

2.4.1.2 Cycle ergometer testing protocol 

The CPET was performed on a standard COSMED cycle ergometer and progressed 

according to the WHO protocol (Fletcher et al., 2001). While cycle ergometers and 

treadmills are both commonly used for exercise testing, a cycle ergometer test was 

chosen as it offered the advantage of being able to reliably record and monitor BP and 

ECG measurements during exercise (Gormley and Hussey, 2009). However, during 

cycle ergometer testing the quadriceps are prone to discomfort and fatigue which can 



29 

 

result in earlier test termination (Vanhees et al., 2005). Walking is for most people a more 

familiar and comfortable form of exercise, and therefore treadmill testing is often the 

preferred testing method (ACSM, 2010, Hussey, 2005, ATS/ACCP, 2003). However, 

VO2max has also been found to be overestimated by 5-10% when assessed using a 

treadmill test (ATS/ACCP, 2003). VO2max is 10% to 20% lower in cycle versus treadmill 

testing in those not accustomed to cycling (Fletcher 2013). 

 

2.4.1.3 Indirect Calorimetry 

The measurement of oxygen consumption during all CPETs was performed using the 

K4B2 equipment (K4B2 User Manual, Cosmed, Italy) (Figure 2:2). Prior to testing both 

the turbine and the gas analyser (sampling line) were calibrated. The turbine was 

calibrated using a 3-litre calibration syringe, this was to update the gain of the flowmeter. 

Calibration of the gas analyser involved 3 separate tests: 

1. Room Air Calibration. Room air was sampled and the baseline CO2 analyser was 

updated to the gain of the O2 analyser to match predicted atmospheric values. 

2. Reference Gas Calibration. A gas of known composition (5% CO2, 16% O2,) was 

sampled from a cylinder and updated baseline and gain of analysers to match 

predicted values of gases.  

3. Delay Calibration. Requires the tester to breath in and out of the device. This 

measures accurately the time necessary for gas to pass through the sampling 

line.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2:2 Cosmed bike and K4B2 equipment 
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The height of the cycle ergometer (COSMED ergoline GMbH, Germany) was adjusted 

to a suitable height for each participant. The testing protocol was explained to 

participants prior to commencing the test. Blood lactate measurement was taken at rest, 

during the second stage of the test and upon test completion, using a lactate monitor 

(Lactate Plus, Lactate Meter, NovaBiomedical, UK).  

2.4.1.4 Study protocol and CPET procedure 

The WHO protocol, an incremental cycle ergometry testing protocol, is considered an 

appropriate exercise test as it includes the recommended low intensity warm-up phase 

followed by progressive, continuous exercise where subjects typically reached maximal 

levels between 8 – 12 minutes (Wasserman 1994). The test commences with a 3 minutes 

warm-up period in which participants cycle unloaded, followed by an incremental phase 

of exercise during which the load increased by 25 watts every 2 minutes until the test is 

terminated (Figure 2:3). The height of the seat was adjusted so that the knee was slightly 

flexed (about 25 degrees) with maximal leg extension with the ball of the foot on the 

pedal. The workload was raised through increases in the resistance on the flywheel. 

Participants maintained a constant pedalling cadence between 50-60 repetitions per 

minute. A built in speedometer displayed individual pedalling rate. The speedometer was 

checked by the lead investigator to ensure that the participant maintained a constant 

pedalling frequency throughout the test. Gas exchange during the test was measured by 

indirect calorimetry. BP was assessed every 4 minutes manually using a 

sphygmomanometer (Welch Allyn) and stethoscope. ECG was monitored throughout the 

test and HR was recorded every minute. The test was terminated when three out of four 

of the following criteria were met: 

• Clinical signs of exhaustion 

• Respiratory Exchange Ratio >= 1.10 

• Within 10 beats of the predicted heart rate (=220-age)  

• Flattening of the VO2 (maximal oxygen uptake) curve (<= 110 ml increase during 

the last minute) 

Participants were verbally encouraged to maintain the pedalling cadence and to give 

their maximal effort as they approached the end of the test. On termination of exercise, 

the participant remained seated on the cycle ergometer and continued pedalling 

unloaded for three minutes to allow the heart rate to return to resting levels. When the 

test was complete, HR, BP, and oxygen saturations were measured at 1, 3 and 10 

minutes post-test completion. 
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Figure 2:3 WHO exercise test progression 

2.4.1.5 Analysis  

Data analysis was performed using the COSMED K4B2 software. The software utilises 

programme algorithms and presents measured data to the specifications of the American 

Thoracic Society (ATS) and European Respiratory Society (ERS) (COSMED, 2003). 

Using the COSMED software, the CPET performed at baseline and one year later at the 

exit assessment from the NeuorExercise study facilitated calculation of the CR fitness 

(VO2max) of all study participants at baseline and one year follow up.  

 

2.4.1.6 Exercise prescription 

Following baseline assessment, participants on the NeuroExecise study were 

randomised to an aerobic exercise group, balance and toning exercise group or control 

group. Participants in both exercise arms were involved in studies I-V in this thesis, while 

participants randomised to the control group participated in study I and V. All supervised 

classes took place at the Wellcome Trust– HRB Clinical Research Facility at St. James’s 

Hospital and were supervised by a member of the research team. A case report form 

was completed during the supervised exercise classes (Appendix XIII).  The components 

of exercise prescription are described below using the FITT principle: Frequency, 

Intensity, Time (duration) and Type (ACSM, 2010) (Table 2-2).  
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Table 2-2 Components of exercise prescription are described using the FITT 

principle: Frequency, Intensity, Time (duration) and Type (ACSM, 2010). 

 Aerobic Balance and Toning 
 

 
Frequency 

 
3 times per week 
 
Week 1-8: 2 supervised 
sessions and 1 
unsupervised session 
 
Week 8 – 12: 1 supervised 
and 2 unsupervised 
sessions 

 
3 times per week 
 
Week 1-8: 2 supervised 
sessions and 1 
unsupervised session 
 
Week 8 – 12: 1 supervised 
and 2 unsupervised 
sessions 

 
Intensity 

 
Moderate  
Heart rate 180-age 
BORG Rate of Perceived 
Exertion 13 

 
Low 
BORG Rate of Perceived 
Exertion <10 

 
Time 

 
45 minutes 
5 minute warm up and 
cool down 

 
45 minutes 
5 minute warm up and 
cool down 

 
Type 

 
Treadmill walking 
Cycle ergometer 
Elliptical Training 

 
Balance 
Yoga 
Stretching 
Light resistance  

 

2.4.2 Exercise condition 2: 45 minutes moderate intensity aerobic 

exercise  

The aerobic exercise condition described below was used across studies II, III, IV and V 

in this thesis. To answer the research questions of the above studies, blood samples 

were collected and cognitive tests were performed at rest and immediately following the 

supervised 45 minute moderate intensity aerobic exercise condition during week 1, 6 

and 12 of the intervention period.  

 

The goal of the aerobic exercise class was to accumulate at least 45 minutes of aerobic 

exercise, prescribed by HR calculated as 180bpm – age. Exercise intensity was 

monitored during the supervised classes using a HR monitor and subjective reporting of 

the exercise intensity using the Borg’s Rating of Perceived Exertion (RPE) (Borg, 1998) 

(Appendix XI). Borg’s rating of perceived exertion (RPE) is a widely used psycho-

physical tool to assess subjective perception of effort during exercise. The original 15-

point scale is most often used (from 6 no exertion at all to 20 maximal exertion). The 
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BORG is a well-accepted, easy to use and valuable method for assessing relative effort 

exerted during exercise (Scherr et al., 2013). Its relationship with physiological and 

psychological responses across a number of patient population have been extensively 

researched (Borg, 1982) and have been strongly associated with breathing rate, oxygen 

consumption and lactic acid level (Gormley and Hussey, 2009), and more closely linked 

to oxygen consumption than heart rate (Dishman et al., 1994). The aerobic exercise 

condition comprised of a 5-10 minute warm up, 45 minutes of targeted aerobic exercise 

and a 5-10 minute cool down. A range of aerobic exercise modalities aware offered 

including cycling, treadmill walking and elliptical training. Participants in the aerobic 

exercise group aim to achieve a target RPE of 13 while exercising. 

2.4.3 Exercise condition 3: 45 minutes balance and toning exercise (non-

aerobic) 

The balance and toning exercise condition described below was used across studies III, 

IV and V in this thesis. The blood sampling and cognitive tests were performed at rest 

and immediately following the supervised 45-minute balance and toning during week 1, 

6 and 12 of the intervention period.  

 

The aim of the balance and toning group was to complete largely non-aerobic activities. 

Each supervised class comprised of a 5-10 minute warm up, 45 minutes of yoga, 

stretching, balance, coordination, relaxation, group games, light resistance exercises 

and a 5-10 minute cool down. During the balance and toning class, exercise intensity 

was kept equal to or below an RPE of 10. Participants in the balance and toning group 

were not advised about aerobic activity and were not instructed to avoid completing 

routine aerobic activity.  

 

Typically exercise intervention studies in patients with MCI compare improvements from 

the exercise intervention to an active control group in which participants engage in non-

aerobic activities (balance, stretching and toning) for an equivalent amount of time.  The 

stretching and toning (non-aerobic) group was designed as an active control group, 

controlling for the social effect of a structured group exercise programme. This type of 

low-intensity exercise intervention has previously shown some small positive effects on 

cognitive outcomes, as it provides participants with equivalent opportunity for social 

interaction (Unger et al., 1997). Previous exercise intervention studies in MCI that have 

utilised non-aerobic exercise (e.g. stretching and toning) as a control intervention have 

noted some improvements in cognitive performance (Heyn et al., 2004, Lam et al., 2011) 
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while others have not observed significant change in cognitive performance (Baker et 

al., 2010b, Nagamatsu et al., 2013a).  
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Figure 2:4 Timeline outlining PhD studies relative to the NeuroExercise Study 
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2.5 Materials 

The following section will outline sampling methods and background to assessments for 

all studies within this thesis. 

2.5.1 Blood sampling 

2.5.2 Blood collection 

Across all studies in this thesis, venous blood samples were drawn by a trained 

phlebotomist (KD) pre and post exercise. A tourniquet was applied to the arm and venous 

blood was taken using a sterile 23G Butterfly® needle (Greiner Bio-one ®) and a 

Vacutainer® system with a luer adaptor (Greiner Bio-one Vacuette®). Samples were 

drawn into sterile SST™ gel and clot activator and Ethylenediamine Tetraacetic Acid 

(EDTA) tubes, respectively. Post-exercise blood sampling was collected between 0-10 

minutes following completion of the exercise condition. 2 x 5ml serum and 1 x 3ml plasma 

samples were collected at each time point. Serum and plasma collection tubes were 

inverted 5 times and allowed to coagulate at room temperature before being centrifuged 

at 1300 x g for 10 min at 4°C. The resulting serum was removed, aliquoted and stored 

at -80°C pending laboratory analysis. 

 

2.5.3 BDNF analysis 

Laboratory analysis of serum samples was carried out in collaboration with the 

Department of Physiology, School of Medicine & Trinity College Institute of 

Neuroscience, Trinity College Dublin. Our collaborating partners, Dr Áine Kelly and Dr 

Bibiana Mota both have considerable experience in BDNF analysis in animal and human 

studies and have been widely published within this research field (Griffin et al., 2009, 

Griffin et al., 2011, O'Callaghan et al., 2007, Callaghan and Kelly, 2012, Callaghan and 

Kelly, 2013, Bechara et al., 2014). Both Dr Áine Kelly and Dr Bibiana Mota had overall 

responsibility for the BDNF analysis. 

 

2.5.4 Enzyme linked immunosorbent assay (ELISA) 

This technique was used to examine the concentration of BDNF in blood serum 

samples. Samples and standards were analysed using commercially available BDNF 

Duoset® ELISA development systems kit (R&D Systems Europe, Oxon, United 

Kingdom). Standard curve was constructed and concentration of BDNF in samples was 

calculated by extrapolation from these curves.  
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For each assay, Nunc Immuno MaxiSorp 96 well plates were coated with capture 

antibody (see Table 2-3 for concentration), diluted in PBS, 100μl per well), covered and 

incubated overnight at room temperature with constant agitation. The following day, the 

plate was washed three times with wash buffer (PBS-T; 0.05% (w/v) of Tween®20 in 

PBS; 400μl per well; PBS composition: 137mM NaCl; 2.7mM KCl; 8.1mM Na2HPO4; 

1.5mM KH2PO4; pH 7.4) and incubated with reagent diluent (BSA 1% (w/v) in PBS; 100μl 

per well) for at least 1 hour at room temperature with constant agitation, to block non-

specific binding. After the blocking, the plate was washed three times with wash buffer 

(400μl per well). Standards (diluted with reagent diluent, according to the manufacturer’s 

guidelines; see Table 2-3) and samples, in the prior determined dilution (diluted in 

reagent diluent), were added in triplicate (100μl per well) and incubated for two hours at 

room temperature with constant agitation. Plates were washed three times with wash 

buffer (400μl per well) and incubated with detection antibody (see table for concentration, 

diluted in reagent diluent, 100μl per well) for two hours at room temperature in constant 

agitation. The plate was washed three times with wash buffer (400μl per well) and 

incubated for twenty min at room temperature with Streptavidin-HRP (diluted in reagent 

diluent; dilution of 1:200,100μl per well). Plates were washed three times with wash 

buffer (400μl per well) and incubated with the substrate solution (Tetramethylbenzidine 

- TMB; Sigma Aldrich, Ireland; 100μl per well) in the dark for 20 min at room temperature. 

The colour reaction was stopped using the stop solution (1M H2SO4; 100μl per well). The 

absorbance of standards and samples was read at 450nm and 540nm on a plate 

reader (Synergy HT Multi-Mode Microplate Reader, BioTek). The regression equations 

of the standard curves were constructed for each assay, and concentrations of BDNF 

was extrapolated from these curves and results were expressed in pg.ml-1. 

 

Table 2-3 Capture Antibody Concentration in BDNF analysis 

ELISA kit Capture Antibody 

 

Standard 

(top standard conc.) 

Detection Antibody 

Human 

BDNF 

Mouse anti-human 

BDNF (2μg.ml-1) 

Recombinant human 

BDNF (1500pg.ml-1) 

Biotinylated mouse 

anti-human BDNF 

(25ng. ml-1) 

 

 

http://g.ml/
http://1500pg.ml/
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2.5.5 Cognitive testing 

A selection of cognitive tests consisting of three separate cognitive measures was 

administered following each blood draw. Cognitive tests were administered as described 

below. The cognitive testing took approx. 30 minutes to complete.  

 

2.5.6 Cambridge Neuropsychological Test Automated Batteries 

(CANTAB): Paired Associate Learning Task 

2.5.6.1 Background 

The Cambridge Neuropsychological Test Automated Batteries (CANTAB) is a computer-

based cognitive assessment system consisting of a battery of neuropsychological tests, 

administered to subjects using a touch screen computer or tablet. CANTAB is considered 

one of the most validated and widely used computerised measures of cognition (Robbins 

et al., 1998). There are 25 tests in the CANTAB repertoire which provide an evaluation 

of various areas of cognitive function including visual memory, visual attention, working 

memory and planning (Strauss et al., 2006). Tasks can be ordered and applied 

individually or as a battery to measure specific aspects of cognitive function across a 

variety of therapeutic areas. For the studies discussed in this thesis, the CANTAB Paired 

Associate Leaning (PAL) task, an episodic memory task, was selected and software was 

ordered from Cambridge Cognition, Tunbridge Court, Bottisham, Cambridge, CB25 9TU, 

United Kingdom (www.cambridgecognition.com).  

 

Episodic memory is the ability to learn, store, and retrieve information about past 

experiences and within the realm of animal literature, it is often referred to remembering 

‘what, when and where’ (Barnett et al., 2015). A number of well-validated and reliable 

human episodic memory tests exist, all differing in important theoretical and practical 

aspects (Lezak, 2004). The two most common forms are verbal recall tests such as story 

or wordlist learning, and non-verbal tests such as the CANTAB PAL (Sahakian et al., 

1988). CANTAB PAL is considered a visuospatial memory task that assesses visual 

memory and new learning through the testing of conditional learning of pattern-location 

associations (Strauss et al., 2006).  

2.5.6.2 Task procedure 

The CANTAB PAL is a touchscreen iPad-based task in which boxes are displayed on 

the screen (Figure 2:5) and are opened in a random order, with one or more boxes 

containing a pattern within. The task instructions are delivered to participants through an 

automated voice within the PAL programme which provides standardised test 

http://www.cambridgecognition.com/
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administration. Six white boxes appear equally distributed on the screen and the boxes 

then open one at a time, for three seconds each in a random order. Initially, only one box 

contains a pattern with the remaining boxes empty. Once all six boxes have opened and 

closed, displaying either a pattern or an empty box, the displayed pattern appears in the 

middle of the screen. The subject is required to touch the box in which the pattern was 

located. If the subject chooses the correct box, the task proceeds to the next set of 

patterns. The difficulty level increases through the test with an increasing number of 

patterns revealed. After two correct sets with a single pattern the number of patterns is 

increased to two for two sets, then to three for two sets. Finally the number of patterns 

is increased to six, and then to eight for one set. If the subject makes error, the patterns 

are displayed again to remind the participant of their locations and the trial is repeated 

(to a maximum of 10 trials). No feedback for correct responses is given. If a correct 

response has not been made after 10 trials in any set, the test is terminated. The test 

takes approximately 10 minutes to complete. 

 

 

 Figure 2:5 iPad interface showing PAL task 

2.5.6.3 Scoring 

The CANTAB PAL has a total of twenty-one outcome measures. PAL Total Errors 

Adjusted (PALTEA) refers to the number of times the subject chose the incorrect box for 

a stimulus on assessment and an adjustment is made for the estimated number of errors 

they would have made on any problems, attempts and recalls they did not reach. 

Therefore, the PALTEA value represents the same level attempted for each subject 

(Sahakian et al., 1988). As this outcome indicates the number of errors made before the 

completion of the test, a larger score indicates greater difficulty with the task. PALTEA 

was used as the primary PAL outcome across studies in this thesis (Fowler et al., 1995) 

(Table 2-4).  
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Table 2-4 PAL task outcome measured 

PAL score  Description  

Total Errors (adjusted) 

 

The number of times the participant does not click on a go-

trial.  A higher score indicates poorer performance on the 

task 

 

2.5.6.4 Reliability and validity of CANTAB PAL 

The psychometric properties, and neural validation, including studies on large samples 

of healthy volunteers, patients with MCI, and AD have demonstrated consistent validity 

and reliability of the CANTAB PAL task (Robbins et al., 1994, Fowler et al., 2002, 

Blackwell et al., 2003). Psychometric properties that make a test suitable for repeated 

assessment include good test–retest reliability reflecting consistency of measurement 

over time with minimal practice effects. The CANTAB PAL uses multiple matched stimuli 

sets and random location of stimuli in order to minimise carry-over from previous 

assessments and the patterns are designed to be difficult to verbalise, thus discouraging 

the use of rehearsal strategies (Barnett et al., 2015). One-month retesting using the 

CANTAB PAL in healthy elderly volunteers was reported to produce relatively minor 

practice effects of around 0.2 standard deviations in magnitude and good test–retest 

reliabilities of 0.7–0.9 for the two major outcome measures including PALTEA (Lowe and 

Rabbitt, 1998). 

 

Test–retest reliability of the PAL test is reported as 0.68 for first trial memory scores and 

0.86 for average trials to success in healthy older adults aged between 60 and 82 years 

(Lowe and Rabbitt, 1998). One-month test–retest reliabilities of 0.71 have been reported 

in CANTAB PAL total error scores in people with MCI (Fowler et al., 1995). In addition, 

CANTAB PAL has demonstrated reasonable sensitivity (0.83) and specificity (0.82) in 

differentiating clinically defined MCI from age-matched healthy controls (Chandler et al., 

2008). 

2.5.6.5 Clinical studies using CANTAB PAL 

CANTAB PAL is highly sensitive to the memory impairments that are characteristic of 

prodromal AD. In aMCI, the first and most prominent symptom to occur is often 

impairments in both verbal and nonverbal forms of recognition memory and free recall. 

These memory impairments arise early in the clinical presentation because they rely 

heavily on areas affected in the early stages of Alzheimer’s neuropathology i.e. the 
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spread of neurofibrillary tangles and neuropil threads initially in the transentorhinal cortex 

and then in the entorhinal cortex and hippocampus (Braak and Braak, 1991).  

 

The object-location memory of the PAL task is particularly dependent on integrity of the 

entorhinal and transentorhinal cortex and hippocampal areas (Parkinson et al., 1988, de 

Rover et al., 2011). There is also substantial evidence that PAL tasks are sensitive to 

hippocampal dysfunction and good overall test of hippocampal connectivity (de Rover et 

al., 2011, Squire, 1992). In healthy older adults, functional neuroimaging studies confirm 

that the CANTAB PAL task activates the bilateral hippocampus in a load-dependent 

manner such that activation increases as the number of patterns to be encoded 

increases (de Rover et al., 2011). Successful performance of the PAL test is dependent 

on functional integrity of the temporal lobe, particularly the entorhinal cortex, but is also 

affected by resections of the frontal lobe (Jäkälä et al., 1999). Since the hippocampus 

has been identified as a major area of BDNF expression and is widely accepted as being 

vital to the performance of memory, the PAL task is considered a theoretically 

appropriate method of cognitive task relative to the measurement of BDNF concentration 

(Hall et al., 2000, Egan et al., 2003).  

 

2.5.7 Sustained Attention to Response Task  

2.5.7.1 Background 

Sustained attention is a component in most current neuropsychological models of 

attention (Mirsky et al., 1991, Cohen et al., 1993). Sustained attention refers to the 

continuous direction of conscious awareness towards specific phenomena and is 

fundamental for achieving complex goals over time. The ability to sustain mindful, 

conscious focus on specific stimuli plays a critical role in information processing and is a 

fundamental precursor to higher order cognitive tasks, including explicit learning and 

memory formation (Mirsky et al., 1991). It enables the maintenance of vigilance, selective 

and focused attention, response persistence, and continuous effort despite changing 

conditions. Originally designed for use in a Traumatic Brain Injury (TBI) population, the 

Sustained Attention to Response Task (SART) is now a widely used tool in cognitive 

neuroscience and in brain regions associated with failures of sustained attention. The 

SART was developed with the intention of providing a brief, reliable, and valid measure 

of failures of sustained attention related to real-world problems (Robertson et al., 1997, 

Manly et al., 1999).  
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 Figure 2:6 Laptop displaying SART programme 

2.5.7.2 Task  

The SART (fixed version), a measure of sustained attention, is a five minute conceptually 

simple computerised task in which each digit appears for 300ms, with an interval of 

800ms between digits (Figure 2:6). The cycle of digits 1–9 is repeated sequentially 23 

times, producing a total of 207 trials. The SART is a GO-NO-GO paradigm in which the 

NO-GO (number 3) target appears rarely. Participants are required to respond to a 

sequentially presented series of GO digits (1 through 9) and to withhold a response when 

an infrequent critical NO-GO digit appears (number 3) (Robertson et al., 1997, Manly et 

al., 1999, Beekman et al., 1995) (Figure 2:7). The SART was administered across 

studies in this thesis on a laptop using the Neuro-Behavioural Systems Presentation® 

software (www.neurobs.com). The following instructions were used for SART 

administration: 

1. Now we are going to do a test trying to measure your ability to 

concentrate. We are going to use the computer in order to do so. 

2. In this test, umbers between 1 and 9 will appear on the screen one at a 

time. They will appear in a fixed order, so you will see a repeating 

pattern of 1,2,3,4,5,6,7,8,9,1,2… and so on. The numbers will appear on 

the screen above a fixation cross, which I would like you to focus on 

during the test. The size of the numbers will vary throughout the test. All 

you have to do is to click on the left button of the mouse every time you 

see a number except for number 3. 

3. When the number 3 appears, you should not click, just don’t do anything 

and wait for the next number to appear. 

4. Now, each number appears for a short amount of time and is followed 

by a blank screen, which also only stays for a short amount of time 

before the next number appears. I would like you to left mouse click at 
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the offset of the number, just as the number is disappearing form the 

screen. 

5. Do not worry about missing some numbers. Everybody makes some 

mistakes on this test. This is normal. If you make a mistake, there is no 

need to tell me. You should just continue on with the test. 

6. The test is going to be a few minutes long and you may find it a bit 

boring. Try to do your best to keep your attention up. I will not be talking 

to you during the test as the test needs to be done in silence. Is that ok? 

Have you any questions? 

7. Let’s start with a practice test. 

 

 

Figure 2:7 Procedure fixed version SART 

2.5.7.3 Scoring 

Traditional vigilance tasks which measure sustained attention involve active responses 

to infrequent targets (Cohen et al., 1993). However in the SART, the format of typical 

vigilance tasks is inverted: participants are required to respond to frequently presented 

GO stimuli and to withhold their response to infrequent, interspersed NO-GO stimuli. This 

design in which stimuli are repetitive, monotonous or non-arousing, maintaining 

sustained attention becomes highly demanding and effortful which in turn leads to 

habituation and distraction, causing lapses in attention (in response errors and slower 

reaction time) (Robertson et al., 1997). The following outputs were recorded from each 

test (see table 2-5). 
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Table 2-5 SART outcomes 

SART score  Description  

Commission Errors (CE) The number of times the participant clicks on Number 3 

(NO-GO trial) 

 

Reaction (RT)  Mean and standard deviation of response times to go-trials. 

 

2.5.7.4 Reliability and validity 

The SART has shown evidence of good test–retest reliability (r = .76), and stability of 

SART error rates over a period of two weeks suggesting individual SART performance 

is relatively stable over time (Robertson et al., 1997). Performance on the SART has 

been found to correlate with other validated measures of sustained attention (Robertson 

et al., 1997) and is considered an externally valid measure of an individual's experience 

of sustained attention failures experienced in everyday life.  The validation of the SART 

was based on positive correlations obtained between SART performance and the 

Cognitive Failures Questionnaire (CFQ) (Broadbent et al., 1982) with a modest but 

significant correlation between the CFQ and SART errors for both TBI patients and 

controls. The validity findings have been replicated by additional studies that provide 

evidence for a positive association between the CFQ and the number of SART 

commission errors on NO-GO trials (Linden et al., 2005, Farrin et al., 2003). 

2.5.7.5 Clinical studies 

The SART has been used to study the neurophysiology of sustained attention, 

implicating areas such as the anterior cingulate cortex (Cheyne et al., 2009) and both 

dorsomedial and ventromedial prefrontal cortices, which are two areas associated with 

the default network (Christoff et al., 2009). MRI Imaging studies during the SART 

confirmed the activation of the cortical and subcortical attentional networks (O'Connor et 

al., 2011). Attentional function (also referred to as vigilance) is supported by the arousal 

system, mediated via a subcortical network involving the thalamus and noradrenergic 

brain stem structures including the locus coeruleus (O’Halloran et al., 2013), with 

noradrelaline implicated in attentional function (Fassbender et al., 2004, O'Connor et al., 

2011). As degeneration of the locus coeruleus has been observed in patients with MCI 

and AD, and the associated reduction in noradenaline levels implicated in the 

progression and extent of cognitive impairment (Grudzien et al., 2007), the SART was 

considered an appropriate cognitive task relative to the MCI population.  
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2.5.8 Stroop Neuropsychological Screening Test (SNST) 

2.5.8.1 Background 

The Stroop paradigm is one of the oldest and most widely used techniques to examine 

attention and response inhibition (MacLeod, 1991). There are a number of versions 

available and while the versions differ in the administration, the general principle 

underlying the task is that in one condition the subject reads aloud a list of colour names 

in which no name is printed in its matching colour. In another condition, the subject 

names the colour ink in which the colour names are printed. The Stoop task is considered 

a measure of executive function and assesses the ability with which a person can 

maintain a goal in mind and suppress a habitual response in favour of a less familiar one 

(Strauss et al., 2006). It is most often described as measuring the individual’s ability to 

shift cognitive set, measure cognitive inhibition or the ability to inhibit an overlearned 

dominant response in favour of an unusual one. The mechanisms underlying the task 

include working memory, speed of processing information, semantic activation and the 

ability to strengthen one response characteristic (Strauss et al., 2006).   

 

While multiple versions of the Stroop task exist, the Stroop Neuropsychological 

Screening Test (SNST) was used across studies in this thesis (Trenerry et al., 1989b). 

The SNST was developed to provide a standardised method of administration and 

scoring and was designed to address a number of the methodological and practical 

issues with previous versions. The SNST assesses a subjects ability to selectively 

process one visual feature at a time while inhibiting the processing of other features, 

making it a test of concentration effectiveness (Lezak, 2004). 

2.5.8.2 Task 

The SNST from Psychological Assessment Resources, Inc. (www.parinc.com) contained 

the following materials; professional manual, Form C Stimulus Sheets, Form C-W 

Stimulus sheets and SNST record forms. The Form C Stimulus Sheet consists of 112 

colour names (red, green, blue tan) arranged in 4 columns with 28 allocated in each 

column (see Figure 2:8). The names are printed in one of four different colours of ink 

(red, green, blue tan) but no name is printed in its matching colour. The form C-W 

stimulus sheet is the same as the as the Form C Stimulus Sheet, except for the order of 

the colour names. Participants were administered the Colour Stimulus Sheet and the 

Colour-Word Stimulus sheet respectively (Appendix XIV). 

http://www.parinc.com/
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Figure 2:8 Stroop Neuropsychological Screening Test 

 

The test was administered as per test administration manual (Trenerry et al., 1989a). 

The subject’s ability to accurately identify the four colours in the SNST was assessed 

and subjects were excluded if they were unable to accurately identify the four colours.  

 

Two tasks were performed and recorded during the administration of the SNST: 

1. The Colour Task, requiring the C Stimulus Sheet 

2. The Colour-Word Task, requiring the C-W Stimulus Sheet 

 

A stopwatch was used by the administrator and responses were recorded on the record 

form.  The Colour Task while not formally interpreted was administered first to establish 

if the Colour Task had a priming effect of the degree of interference reflected in the 

Colour-Word Task. Participants were instructed to read the words aloud as quickly as 

they could, starting at the top of the first column and to progress through each additional 

column in the same manner. They were instructed to correct themselves if they made a 

mistake and keep going.  Using a stopwatch, the subject was given 120 seconds to give 

the responses. The administrator recorded the responses by making a check mark next 

to each item on the record form. Incorrect responses were recorded by placing an X next 

to the item. If the subject self-corrected an incorrect response, a C was recorded next to 

that item. Once 120 seconds had lapsed, the test was stopped and the C Stimulus Sheet 
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removed. On the interference task, the stimuli are incongruent (e.g., the word “blue” is 

printed in yellow ink), and the subject must inhibit the prepotent response of reading the 

word, and read the colour ink in which the word is printed, to respond correctly.  

2.5.8.3 Scoring 

The CWS score is the primary score used in the interpretation as CWS provides the best 

classification accuracy and this score is used as a measure of interference (Table 2-6). 

The CWS is the component that is believed to measure mental flexibility and the ability 

to inhibit a dominant response (Wecker et al., 2000). It also is believed to provide a 

measure of the subject’s ability to inhibit stimulus-bound responses and deal with 

interference. 

 

Table 2-6 Stroop task score and description 

SNST score  Description  

Colour-Word Score (CWS) The number of correct responses, or number of items 

completed minus incorrect responses on the Colour-

Word Task. This is similar to the interference score in 

other versions of the Stroop Task. A higher score 

indicates improved performance with a greater number 

of correct responses. 

 

2.5.8.4 Reliability and validity 

Reliability and validity data are available in the administration manual (Trenerry et al., 

1989). SNST has demonstrated high test-retest reliability (r=.90) (Trenerry et al., 1989b) 

in a sample of 30 subjects, suggesting high temporal stability. Normative data comes 

from a sample of 156 adults ranging in age from 18 to 79 and a CWS of < 62 has 

demonstrated the ability to discriminate between brain-damaged individuals and 

cognitively intact individuals in the 50 plus age group (Trenerry et al., 1989b). 

2.5.8.5 Clinical studies 

Impaired executive function is relatively common among older persons with MCI and 

may be predictive of the development of dementia (Brandt et al., 2009). The failure in 

inhibitory processes appear to manifest early in the course of AD, with increases 

observed in the magnitude of the interference effect with as disease severity progresses 

(Bondi et al., 2002, Koss et al., 1984). Stroop performance is associated with AD 

pathology in the hippocampus and a number of neocortical regions of the brain including 

posterior cerebral areas (Bondi et al., 2002, Collette and Van der Linden, 2002). MRI 
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activation studies performed in healthy adults while performing the Stroop task have 

demonstrated activation of the frontal regions but also inferior temporal and parietal 

cortices as well as the caudate nuclei (Brown et al., 1999, Peterson et al., 2002). The 

frontal brain regions, linked to executive control processes such as planning, inhibition, 

task switching, maintenance and manipulation of information have shown 

disproportionate sensitivity to age-related cognitive decline (Goh et al., 2012, West, 

1996) but are malleable to aerobic fitness induced cognitive benefit (Colcombe and 

Kramer, 2003a). A number of studies have demonstrated improved Stroop performance 

following acute aerobic exercise in cognitively normal adults (Ferris et al., 2007, 

Yanagisawa et al., 2010).  

 

2.6 Conclusion 

This chapter has outlined the procedures for the measures utilised in this thesis. In 

addition, the exercise conditions used in the upcoming studies have been described. The 

upcoming results chapters will reference back to this chapter in the descriptions of their 

methodologies. 
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3 Chapter 3: The effect of structured aerobic exercise on 

cognitive performance in individuals with MCI: a systematic 

review 

 

3.1 Introduction 

Robust epidemiological data demonstrates that more physically active individuals show 

better cognitive performance and a reduced incidence of dementia and AD, compared 

to sedentary individuals (Hamer and Chida, 2009, Llamas-Velasco et al., 2015, Sofi et 

al., 2011, Weuve et al., 2004, Yaffe et al., 2001, Hillman et al., 2006), with a similar 

protective effect in people with MCI (Geda et al., 2010, Lautenschlager et al., 2008). 

Several meta-analyses found higher levels of physical activity (PA) were associated with 

improvements across a number of cognitive domains including attention, processing 

speed and executive function in healthy older adults and in MCI (Angevaren et al., 2008a, 

Smith et al., 2010, Gates et al., 2013, Heyn et al., 2004). However, despite the volume 

of epidemiological data, there is a paucity of evidence on the efficacy of structured 

aerobic exercise programmes and the exercise dose necessary to induce cognitive 

change in MCI populations.  

 

It is believed that aerobic exercise induced changes in cardiorespiratory (CR) fitness may 

mediate the exercise-cognitive relationship and help counteract the molecular and 

cellular alterations underlying the progressive loss of hippocampal function in advanced 

age and attenuate AD-related brain atrophy (Intlekofer and Cotman, 2013, Erickson et 

al., 2009, Vidoni et al., 2012). Higher levels of CR fitness have been positively associated 

with cognitive function in healthy older adults, with the association strongest for 

measures of global cognition, attention and executive function (Barnes et al., 2003, 

Etnier et al., 1997). Similarly, high levels of CR are thought to maintain cognitive function 

in those at an increased risk for AD (Law et al., 2018), and in those with established AD 

(Morris et al., 2017). Therefore, exercise interventions aimed at increasing CR fitness 

may represent a modifiable and practical treatment approach to maintaining cognitive 

function in MCI cohorts. 

 

There is growing interest in the biological mechanisms that may underpin the exercise-

cognitive relationship, which remains poorly understood in human studies. One particular 

theory that has garnered significant attention is that aerobic exercise is neuroprotective, 

facilitates neuroplasticity and larger hippocampal volumes through a variety of 
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mechanisms, including the release of trophic factors (Griffin et al., 2011, Brinke et al., 

2015, Knaepen et al., 2010, Erickson et al., 2011). Understanding whether aerobic 

exercise interventions; 1) induce changes in measurable biological markers specific to 

the pathophysiology of MCI and 2) lead to measureable objective change in CR fitness 

will help in establishing the efficacy of different types of exercise regimes on cognitive 

outcomes in MCI. Reviews in this area to date have included very broad inclusion criteria 

resulting in heterogeneous samples, often combining individuals with subjective memory 

complaints, considered ‘at risk’ for future cognitive impairment, and those with a 

dementia diagnosis. Furthermore, reporting on specific exercise prescription parameters 

has been lacking in sufficient detail to inform exercise prescription for cognitive benefit. 

The primary aim of the systematic review was to investigate the effects of structured 

aerobic exercise training (specific focus on exercise prescription parameters) on 

cognitive performance in individuals with MCI. To help garner a greater understanding 

of underlying mechanisms that may underpin the exercise-cognitive relationship in this 

population, secondary analysis of the included studies in this review explored blood 

biomarkers and measures of CR fitness. 

 

3.2 Methods 

3.2.1 Search strategy 

A systematic search of online databases Embase, Pubmed, Cochrane, Psych info, 

AMED and Cinahl was completed by a university librarian between January 2016 and 

March 2016, using a range of terms relating to exercise and cognitive performance 

(Appendix XV). Specifically, the following keywords and Medical Subject Heading terms 

were used: ‘mild cognitive impairment’ OR ‘cognitive defect’ AND ‘exercise’ AND ‘mental 

function’ OR ‘cognition assessment’ OR ‘arousal’ OR ‘task performance’ OR ‘perception’ 

OR ‘therapy effect’ OR ‘outcome assessment’ OR ‘neuropsychological test’. Additional 

studies were obtained from a manual search of the reference lists of articles, systematic 

reviews and conference proceedings identified from the online search. Methods and 

reporting followed the PRISMA preferred reporting items for systematic reviews (Moher 

et al., 2009). 

 

3.2.2 Inclusion criteria 

Studies that met the following criteria were selected for inclusion: defined MCI criteria, 

structured aerobic exercise training (>6 weeks duration) and measurement of cognitive 

performance as the primary outcome. 
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Studies in non-English language texts, conference proceedings, review papers, non-

aerobic forms of exercise training, and studies that prescribed cognitive training 

combined with exercise were excluded. Studies where full text was not available were 

excluded at the final stage of the screening process. Additionally, studies that included 

patients with a diagnosis of dementia or AD, cognitively intact older adults or disease 

populations with comorbid cognitive impairment were excluded from analysis. The 

quality of studies, as reported in the source papers, was assessed independently using 

standardised quality assessment tools.  

 

3.3 Results 

3.3.1 Identification of studies 

Results from the search strategy and selection for review are presented in Figure 3:1. 

The initial search produced a total of 3834 potentially eligible papers. Studies were 

filtered into the review by initial screening of titles and abstracts which were 

independently examined by both reviewers (Kate Devenney (KD), Emer Guinan (EG)). 

At each stage of the screening and appraisal process, both reviewers met and compared 

accepted studies and conflicts were resolved using the predefined study inclusion and 

exclusion criteria as a reference point for discussion.  A number of accepted studies 

(n=26) were identified as conference proceedings or abstracts and excluded as full text 

was not published and there was no response following authors contacted to gain full 

text. A total of 52 full-text articles were read and independently assessed for eligibility, of 

which 12 were included in the final review (Moher et al., 2009) (Figure 3:1).  
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Figure 3:1 PRISMA diagram showing flow of studies into review 

3.3.2 Study quality 

Two raters (KD, EG) independently evaluated study quality using standardised quality 

assessment tools. Study quality was assessed using the Cochrane collaboration tool for 

assessing risk of bias (RCTs) (Higgins et al., 2011) n=8 (Table 3-1) and the Risk Of Bias 

In Non-randomised Studies of Interventions (Sterne et al., 2016) n=4 (Table 3-2). 

Overall, the quality of included trials was low to moderate with a number of studies 

lacking sufficient information to comprehensively assess study quality. 
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Table 3-1 Risk of bias for RCTs assessed using the Cochrane collaboration risk of 

bias tool 
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Baker et al. 
(2010c) 

Unclear Unclear Low Low Low Low 

 
Gill et al. 
(2015) 

Low Low Low Low Low Unclear 

 
Nagamatsu 
et al. (2013b) 

Low Low Low Low Unclear Low 

 
Scherder et 
al. (2005) 

Unclear Unclear Low Unclear Unclear High 

 
van Uffelen 
et al. (2008) 

Low Unclear Low Low Low Low 

 
Varela et al. 
(2012) 

Unclear Unclear Unclear Low Low High 

 
Wei and Ji 
(2014) 

Unclear Unclear Unclear Unclear Low High 

 
Hu et al. 
(2014) 

Unclear Unclear Unclear Unclear Low High 
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Table 3-2 ROBINS-I: Risk Of Bias In Non-randomised Studies of Interventions 
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De Gobbi 
Porto et 

al. (2015) 

Moderate Moderate Moderate Low Serious Moderate Serious 

 
Sacco et 
al. (2015) 

Moderate Low Low Low Low Low Moderate 

 
Carson 
Smith et 
al. (2013) 

Moderate Low Low Low Serious Moderate Low 

 
Tortosa-
Martínez 

et al. 
(2015) 

Moderate Serious Low Low Low Low Low 
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3.3.3 Study design and subject characteristics 

Twelve studies were included for review, with sample sizes ranging from 8 to 198 

participants. Study designs included; eight RCTs (Gill et al., 2015, van Uffelen et al., 

2008, Varela et al., 2012, Wei and Ji, 2014, Hu et al., 2014, Scherder et al., 2005, 

Nagamatsu et al., 2013b, Baker et al., 2010c), and four non-randomised studies (Smith 

et al., 2013a, Tortosa-Martínez et al., 2015, Sacco et al., 2015, De Gobbi Porto et al., 

2015). Study participants were diagnosed with MCI according to a wide range of 

diagnostic criteria. In six studies, MCI was diagnosed according to the Petersen criteria 

(2004) (Baker et al., 2010c, De Gobbi Porto et al., 2015, Tortosa-Martínez et al., 2015, 

van Uffelen et al., 2008, Scherder et al., 2005, Sacco et al., 2015). One study applied 

Albert et al. (2011) MCI diagnostic criteria as study inclusion (Carson Smith et al., 2013). 

In the remaining studies, a variety of unidimensional MCI diagnostic criteria were 

described (Table 3-3) (Gill et al., 2015, Nagamatsu et al., 2013b, Varela et al., 2012, Wei 

and Ji, 2014, Hu et al., 2014). 

 

3.3.4 The effect of exercise on measures of cognitive performance 

Due to the heterogeneity of outcome measures used across studies, results are 

discussed by qualitative synthesis. Study methodologies are described in Table 3-3 

along with a summary of interventions and outcomes. Effect sizes and confidence 

intervals where reported, are included to facilitate comparisons. Exercise intervention is 

described in accordance with the Frequency, Intensity, Time and Type (FITT) principle 

to quantify exercise volume.   

 

The Compendium of Neuropsychological Tests: Administration, Norms, and 

Commentary (Third Edition) was used to categorise cognitive tests into domains of global 

cognition, memory, executive function, attention and processing speed or visuospatial 

skills (Strauss et al., 2006). In the results, biological endpoints and CR fitness are 

discussed separate to the cognitive outcomes. 
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Table 3-3 Summary of study design, intervention and outcomes of included studies. Exercise interventions described in line with the FITT 

(frequency, intensity, time and type) principle. HRR=Heart Rate Reserve;   SCWT=Stroop Colour Word Task; TMT=Trail Making Test; 

SDMT=Symbol Digit Modalities Test; BDNF=Brain Derived Neurotrophic Factor; IGF=Insulin Growth Factor; HR= Heart Rate; ADAS-

cog=Alzheimer's Disease Assessment Scale-cognitive subscale; MMSE=Mini–Mental State Examination; WMS=Wechsler Memory Scale; 

ROCF=Rey–Osterrieth Complex Figure; RAVLT=Rey Auditory Verbal Learning Test; WAIS=Wechsler Adult Intelligence Scale; AVLT=Auditory 

Verbal Learning Test; DSST=Digit Symbol Substitution Test; RPE=Borg Rating of Perceived Exertion; CRT=Choice Reaction Time; SRT=Simple 

Reaction Time 

 

Author 
(design) 

Participants 
 

Aerobic exercise 
intervention 

FITT principle 
Cognitive Outcomes 

Blood 
biomarkers 

Main results 

Baker et al. 
(2010c) 
 
RCT 

Amnestic Mild 
Cognitive 
Impairment  
Petersen criteria  
 
Aerobic exercise 
n = 23  
versus                         
Stretching and 
toning control 
n=10 

F: 4 days/week for 6 
months 
I: 75% - 85% HRR 
T: 45 – 60 min/day 
T:  Aerobic 
 
Adherence 93.75% 

Memory: 
Story recall 
List learning 
Visual memory 
 
Executive function: 
Verbal fluency 
SCWT 
TMT-B 
Task switching 
 
Attention/processing speed: 
TMT-A 
SDMT 
 
 

Insulin 
Cortisol 
BDNF 
IGF-1 
Β-AMYLOIDS 
40 + 42 

Significant executive functioning 
changes (p=0.04) post-
intervention (6-months) 
compared to a stretching and 
toning control group with 
favourable effect for women.  
 
Increased glucose disposal 
during the metabolic clamp, 
reduced fasting plasma BDNF 
and insulin (women in aerobic 
exercise) while IGF-1 and BDNF 
levels increased in exercising 
men 
 
Cortisol levels increased for 
women in the control group but 
not for women in the aerobic 
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group. For men, cortisol 
decreased over time for those in 
the stretching group while 
remaining stable for the aerobic 
group (values not reported) 
 

De Gobbi 
Porto 
(2015) 
 
Non-
randomised 
study 

Amnestic and 
non-amnestic 
MCI 
Petersen criteria 
 
n=40 
No control group 

F: 2 days/week for 24 
weeks 
I: Treadmill speed 
adjusted to maintain 
HR between 
ventilator anaerobic 
threshold and 10% 
below respiratory 
compensation point 
T: increased over first 
8 weeks from 30 to 
50 minutes duration 
T: Aerobic treadmill 
walking 
 
Adherence 80% 

Global cognition: 
ADAS-cog 
MMSE 
 
Memory:  
Visual reproduction and 
logical memory WMS-R 
Delayed recall ROCF 
RAVLT 
 
Executive function: 
TMT-B 
Stroop test 
Category and letter fluency 
 
Attention/processing speed: 
TMT-A 
 
Visuospatial skills: 
Clock drawing  
Block design subtest WAIS  
ROCF 
Matrix reasoning 

 Significant improvement in 
ADAS-cog as evidenced by a 
decrease of -2.7 (3.7) points 
(p<0.001), on the ADAS-Cog and 
also ADAS-cog memory subtest 
as determined by a decrease of -
2.2 (3.1) points (p<0.001). 
Improvements in the delayed 
visual memory recall (dVMR) 
subset of the Wechsler Memory 
Scale-Revised (6.4 ± 12.6, 
p=0.003) and in the Rey-
Osterrieth Complex Figure copy 
(2 ± 5.2, p=0.02) within the 
exercise group 

Gill et al. 
(2015) 
 
RCT 

<27 MoCA 
 

F:2-3days/week for 
26 weeks 
I: 70-85% max HR 
T: 60 – 75 minutes 

Global cognition: composite 
score of below cognitive 
outcomes 
 

Nil Significant within-group 
improvements in global cogniton 
in both the exercise only (0.22 
mean standardised change, 95% 
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Recruited from 
existing exercise 
programme 
 
Exercise only 
n=23 versus 
Exercise and 
dual task training 
n=21 

Min 50 classes 
Max 75 classes 
T: Largest 
component is aerobic 
exercise with some 
additional strength, 
balance and flexibility 
 
Adherence 78% 

Memory: 
AVLT 
 
Executive function: 
TMT-B 
Category and letter  fluency 
 
Attention/processing speed: 
TMT-A 
DSST 
 

CI; 0.08 to 0.36) and the exercise 
plus dual task training arm (0.42 
mean standardised change, 95% 
CI; 0.29 to 0.55) but this was 
significantly better in the exercise 
and dual task training arm (0.20 
mean standardised change, 95% 
CI; 0.01-0.39, p=0.04) 
 

Nagamatsu 
et al. 
(2013b) 
 
RCT 
 

Women with 
probable MCI 
<26/30 on the 
MoCA 
and subjective 
memory 
complaint 
 
Aerobic n=30 
versus 
resistance n=28 
versus 
balance and 
toning n=28 
 

F: 2 days/week for 6 
months 
I:40% HRR and 
progressed to 70-
80% HRR over first 
12 weeks  
RPE 13-15 
T: 40 minutes core 
content and 10 
minute warm up and 
cool-down 
T: Outdoor walking 
programme  
 
Adherence 60% 

Memory: 
Computerised spatial 
memory test developed in-
house 
RAVLT 
 
Executive function: 
CRT 
 
 

Nil Significant difference is RAVLT 
loss after interference scores in 
aerobic group (1.58 ± 1.86) 
compared to the balance and 
toning group (2.80 ± 2.58), 
(p=0.04). 

Sacco et al. 
(2015) 
 
Non-
randomised 
study  
 

Petersen criteria 
 
n=8 
9 month study 
consisting of two 
3-month 
experimental 

F: 2 days/weekly for 
3 months 
I: 60% of HRR and 
RPE was recorded 
T: 20 minutes 
T: Aerobic. Stationary 
bike 

Executive function: 
Go-no-go inhibition task 
 
Attention/processing speed: 
SRT 

Nil  Significant improvements in 
reaction time during the Go-no-
Go task following both 
interventions with a large effect 
for the exercise and cognitive 
enhancement intervention (6 ± 
2.4%. 95% CI: -8.2 and -4%; 
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interventions 
separated by a 
training 
cessation period 
of 3 months 

 
Adherence not 
reported 

Cohen’s d=0.99) and a medium 
effect for exercise only (4 ± 
2.7%, 95% CI: -6.3 and -1.7%; 
Cohen’s d=0.69) 

Carson 
Smith et al. 
(2013)  
 
Non-
randomised 
study 

Albert et al. 
criteria  
 
MCI n=17 versus 
older adults 
n=18 
 

F: 4 days/week for 12 
weeks 
I: Gradually 
increased over the 
first 4 weeks to 50%-
60% of HRR and 
RPE 15 between 
weeks 5-12 
T: 30 minutes 
T: Supervised 
aerobic treadmill 
training 
 
Adherence 96%  

Global cognition : 
MMSE 
Mattis Dementia Rating 
Scale-2 
  
Memory: 
RAVLT 
WMS III – Logical memory 
and number sequencing 
 
Executive function: 
Controlled oral word 
association test 
Animal fluency 
 
Attention/processing speed: 
SDMT 
 
Visuospatial skills: 
Clock Drawing 

Nil Significant within group changes 
in memory performance on Trial 
1 learning on RAVLT in both 
patients with MCI (n=17) (pre 3.9 
± 2.1 to post 5.0 ± 2.1) (p=0.006) 
 

Tortosa-
Martínez et 
al. (2015) 
 
Non-
randomised 
study 

Amnestic MCI 
Petersen’s 
criteria 
 
 
Exercise n=19 
versus usual 
care n=20 

F: 3 days/week for 3 
months 
I: 40% max HR and 
progressed to 60-
75% max HR during 
the first 4 weeks  
T: 60 minutes per 
session 

Global cognition:  
MMSE 
ADAS-cog 
 
Memory: 
Word list memory (CERAD)  
 
Executive function: 

Cortisol 
(neuroendocrine 
stress system) 

Within group analysis showed 
significant improvement in the 
exercise group with a 27% 
improvement in time to complete 
Trail Making Test-B relative to 
baseline (pre-intervention 329 ± 
190s; post-intervention 239 ± 
120s, p=0.046).  
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T: Primarily aerobic 
(walking / bike) with 
some light strength, 
balance and flexibility 
included usually in 
the warm up and cool 
down stage 
 
Adherence 87% 

Verbal fluency 
TMT-B 
 
Attention/processing speed: 
TMT-A 
 
 

 
Intervention group showed peak 
cortisol 30 min after waking with 
a significant increase in the drop 
between peak cortisol and 
cortisol values at 12pm 
compared with control group 
 

van Uffelen 
et al. 
(2008) 
 
RCT 

Petersen criteria 
 
 
Group walking 
moderate 
intensity + 
vitamin B 
supplement or 
placebo n=77 
versus group 
walking low 
intensity + 
vitamin B 
supplement or 
placebo n=75  
 
 

F: 2 days/week for 
one year 
I: Moderate intensity 
group (>three 
metabolic 
equivalents). Low 
intensity group 
(<three metabolic 
equivalents)  
T: One hour 
T: Aerobic outdoor 
group walking 
programme 
 
Adherence 63% 

Global cognition: 
MMSE 
 
Memory: 
AVLT 
 
Executive function: 
Verbal fluency 
SCWT-A 
 
Attention/processing speed: 
DSST 
 
 

Nil Nil significant 
 

Varela et 
al. (2012) 
 
RCT 

Clinical 
diagnosis of MCI 
according to the 
consensus of the 
Spanish society 
of Geriatrics and 
Gerontology 

F: 3 days/week for 3 
months 
I: Low intensity group 
40% HRR. Moderate 
intensity group 60% 
HRR 

Global cognition:  
MMSE 
 
 

Nil Nil significant 
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Residential care 
home residents 
 
Group A 40% 
HRR n=17 
versus 
Group B 60% 
HRR n=16 
versus 
Group C 
recreational 
activities n=15 

T: 5 minute warm up 
and cool down. 20 
minutes cycling at 
target intensity. 
T: Aerobic. Stationary 
Bike. 
 
Adherence not 
reported 

Wei and Ji 
(2014) 
 
RCT 

MCI participants 
were selected 
according to the 
US mental 
disorders 4th ed. 
of the diagnostic 
and statistical 
manual in mild 
neurocognitive 
standards and 
the diagnosis 
standard of 
shanghai mental 
health centre  
 
Nursing home 
residents 
 
Handball training 
exercise group 

F: 5 days/week for 6 
months 
I: mean intensity 60% 
max HR 
T: 30 minutes per day 
T: Handball training 
programme was used 
in the training group 
 
Adherence not 
reported 

Global cognition:  
MMSE 
 
 

Nil  Significant increases in MMSE 
scores in the exercise group from 
baseline (24.33 ± 1.65) to three 
(25.20 ± 1.24) and six months 
(25.53 ± 0.82) compared to a 
sedentary control group (n=30) 
(baseline 25.00 ± 1.29, three 
months 24.80 ± 1.35, six months 
24.67± 1.42), (p=0.000 for time x 
group interaction). 
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n=30  versus 
control n=30 

Hu et al. 
(2014) 
 
RCT 
 

MMSE (Chinese 
version) ≤26 
 
Recruited from 
community 
home 
 
Exercise n=96 
versus control 
n=102 

F: 1 day/week for 6 
months 
I: Not reported 
T: 90 minutes 
T: 30 minutes of 
jogging and 60 
minutes of shadow 
boxing 
 
Adherence not 
reported 
 

Global cognition: MMSE 
 
 

Nil Significant improvements in the 
immediate memory (mean 
improvement 2.58 ± 0.71, 
p<0.001) and delayed recall 
(2.06 ± 1.03, p=0.004) 
subsections of the MMSE 
compared to the control group 
(immediate memory 2.11 ± 0.76 
and delayed recall 1.62 ± 1.10) 

Scherder et 
al. (2005) 
 
RCT 
 

Petersen criteria 
 
Frail nursing 
home residents 
 
Walking group n 
=15 versus 
hand/face 
exercises n=13 
versus 
control n=15 

F: 3 days/week for 6 
weeks 
I: Not reported 
T: 30 minutes 
T: Aerobic. Slow 
paced walking. 
 
Adherence not 
reported 

Memory: 
WMS – Revised digit span 
and verbal learning and 
memory test 
Rivermead behavioural 
memory test  
 
Executive function: 
TMT-B 
Category naming 
 
Attention/processing speed: 
TMT-A 

Nil Significant improvements in 
category naming in the slow-
paced walking group (22.60 ± 
9.68  to 24.80 ± 11.37 number 
correct answers) and hand/face 
exercises (24.62 ± 9.26 to 25.69 
± 8.14) compared to the control 
group (21.60 ± 8.58 to 20.27 ± 
9.51) (p=0.03). Effect size in 
walking group n2=0.16, large 
effect size. 
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3.3.4.1 Exercise and global cognition 

Eight studies examined the effect of exercise on global cognition with three studies 

reporting significant improvement in global cognition (De Gobbi Porto et al., 2015, Gill et 

al., 2015, Wei and Ji, 2014) with no change in the remaining studies (Varela et al., 2012, 

Hu et al., 2014, van Uffelen et al., 2008, Tortosa-Martínez et al., 2015, Carson Smith et 

al., 2013). 

 

Three studies recruited residential care-home residents and measured global cognition 

using the Mini-Mental State Examination (MMSE). One RCT compared three months, 20 

minutes three days/week, of either low (40% HRR) (n=17) or moderate (60% HRR) 

(n=16) intensity cycling to a control group who completed recreational activities (n=15) 

(Varela et al., 2012) and found no change in MMSE scores following completion of the 

low (pre-intervention 19.31 ± 6.12 to post-intervention 20.40 ± 4.15) or moderate intensity 

intervention (20.56 ± 5.69 to 20.98 ± 5.40), with no between group differences at study 

completion (p=0.77). In a larger sample of community home residents (n=198), 

participants completing 90 minutes jogging and shadow boxing once weekly for 6 

months, experienced significant improvements in the immediate memory (mean 

improvement 2.58 ± 0.71, p<0.001) and delayed recall (2.06 ± 1.03, p=0.004) 

subsections of the MMSE compared to the control group (immediate memory 2.11 ± 0.76 

and delayed recall 1.62 ± 1.10). However, between group differences in total MMSE 

scores were not reported (Hu et al., 2014). In a similar cohort of 30 nursing home 

residents completing six months of moderate intensity (60% maxHR) handball training, 

5 times per week, Wei and Ji (2014) described significant increases in MMSE scores in 

the exercise group from baseline (24.33 ± 1.65) to three (25.20 ± 1.24) and six months 

(25.53 ± 0.82) compared to a sedentary control group (n=30) (baseline 25.00 ± 1.29, 

three months 24.80 ± 1.35, six months 24.67± 1.42), (p=0.000 for time x group 

interaction). 

 

The remaining studies measured global cognition in community dwelling older people 

with cognitive impairment. In one single arm intervention (n=40), prescribing twice 

weekly high intensity exercise for 50 minutes resulted in significant within-group 

improvements in global cognition, characterised by a decrease of -2.7 (3.7) points 

(p<0.001), on the Alzheimer's Disease Assessment Scale-Cog (ADAS-Cog) (De Gobbi 

Porto et al., 2015).  
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One two armed-RCT recruited participants from an existing exercise programme and 

compared 26 weeks of moderate intensity (70-85% HRmax) training for 75 minutes, 2-3 

times per week in an exercise only group (n=23) to an equivalent exercise protocol in 

combination with dual task training (n=21) consisting of a square-stepping exercise on a 

griddled floor mat (Gill et al., 2015). There were significant within-group improvements in 

global cognitive function (global composite score) in both the exercise only (0.22 mean 

standardised change, 95% CI; 0.08 to 0.36) and the exercise plus dual task training arm 

(0.42 mean standardised change, 95% CI; 0.29 to 0.55), but this improvement was 

significantly better in the exercise and dual task training arm (0.20 mean standardised 

change, 95% CI; 0.01-0.39, p=0.04).  

 

In a double-blind RCT, Van Uffelen et al. (2008)  used a two-by-two factorial design to 

compare the effects of a year-long moderate intensity (>3 metabolic equivalent (METs)) 

exercise programme completed twice per week for one hour (n=77) to a low intensity 

protocol (<3 METs) (n=75), with participants in both arms randomised to receive daily 

vitamin B supplementation or placebo supplements. Global cognitive scores did not 

change in either exercise arm. In two non-randomised trials prescribing three months of 

moderate or high intensity exercise compared to an inactive usual care or active healthy 

control group found no change in measures of global cognition on the MMSE or ADAS-

cog (Tortosa-Martínez et al., 2015, Carson Smith et al., 2013).   

 

3.3.4.2 Exercise and memory  

Eight studies measured memory performance with four studies prescribing three or six-

months of aerobic exercise training reporting significant improvement in a task of 

memory performance (De Gobbi Porto et al., 2015, Gill et al., 2015, Nagamatsu et al., 

2013b, Carson Smith et al., 2013), with no significant improvements reported in the 

remaining studies (Baker et al., 2010c, van Uffelen et al., 2008, Scherder et al., 2005, 

Tortosa-Martínez et al., 2015). 

 

In addition to the global cognitive improvement reported by De Gobbi Porto et al. (2015), 

a significant improvement in the ADAS-cog memory subtest as determined by a 

decrease of -2.2 (3.1) points (p<0.001) was also reported following six months high 

intensity exercise. Furthermore, there were improvements in the delayed visual memory 

recall subset of the Wechsler Memory Scale-Revised (WMS-R) (6.4 ± 12.6, p=0.003) 

and in the Rey-Osterrieth Complex Figure (ROCF) copy (2 ± 5.2, p=0.02) within the 

exercise group. 
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A number of studies reported changes in verbal learning and memory tasks. A three-

armed RCT, involving 86 women who completed either six months moderate intensity 

exercise (70%-80% Heart Rate Reserve (HRR)), twice weekly for 40 minutes, an 

equivalent schedule of balance and toning exercise or a resistance exercise training 

schedule reported improved performance on the RAVLT (lower loss after interference) 

(1.58 ± 1.86) in the aerobic group compared to the balance and toning group (2.80 ± 

2.58), (p=0.04). (Nagamatsu et al., 2013b). In a group of  older adults attending a 

community based exercise class, Gill et al. (2015) described significant between group 

differences in verbal learning and memory composite scores (0.30, 95% CI: 0.04 – 0.56, 

p=0.02) following 26 weeks of moderate intensity exercise plus dual task training group 

(n=21) (0.68, 95% CI: 0.50-0.86) compared to the exercise only group (n=23) (0.38, 95% 

CI: 0.18-0.58). Smith et al. (2013) reported significant within group changes in memory 

performance on Trial 1 of a list-learning task on RAVLT in both patients with MCI (n=17) 

(pre 3.9 ± 2.1 to post 5.0 ± 2.1) and older adults without cognitive impairment (n=18) (pre 

5.4 ± 1.9 to post 6.3 ± 1.5) following 12 weeks of moderate intensity (60% HRR) exercise, 

completed for 30 minutes, 4 days per week.  

 

In contrast, three RCTs (Baker et al., 2010c, van Uffelen et al., 2008, Scherder et al., 

2005) and one non-randomised study (Tortosa-Martínez et al., 2015), found no change 

in memory performance with exercise training. These studies prescribed a range of 

exercise intensity and intervention durations including a six week slow paced walking 

programme in a group of frail nursing home residents (Scherder et al., 2005), a one year 

low and moderate intensity walking programme (van Uffelen et al., 2008), a six month 

high intensity exercise intervention (Baker et al., 2010c) and three months of moderate 

intensity training (Tortosa-Martínez et al., 2015). Measures of memory performance 

included word list learning, AVLT, word list memory on the ADAS-cog, story recall, visual 

memory and components of the WMS. 

 

3.3.4.3 Exercise and executive function 

Nine studies included a measure of executive function with five of the nine studies 

reviewed reporting significant improvements in executive function with exercise training 

(Scherder et al., 2005, Tortosa-Martínez et al., 2015, Sacco et al., 2015, Baker et al., 

2010c, Gill et al., 2015) and no significant change within other studies (van Uffelen et al., 

2008, Nagamatsu et al., 2013b, Carson Smith et al., 2013, De Gobbi Porto et al., 2015). 
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In one non-randomised study, Tortosa-Martínez et al. (2015) assigned a group of 39 

people with amnestic MCI to either 60 minutes moderate intensity (60-75% HRmax) 

exercise performed twice weekly, or to usual care. Within group analysis showed 

significant improvements in executive function in the exercise group with a 27% 

improvement in time to complete Trail Making Test-B (TMT-B) relative to baseline (pre-

intervention 329 ± 190s; post-intervention 239 ± 120s, p=0.046).  

 

In a small group (n=8) of people with MCI, a 9-month crossover study consisting of two 

separate three-month interventions of aerobic exercise prescribed for three months at a 

moderate intensity (60% HRR), twice weekly for 20 minutes, or  the equivalent exercise 

prescription plus cognitive enrichment computer-based cognitive tasks performed while 

cycling, significant improvements were observed in reaction time during the Go-no-Go 

task following both interventions with a large effect for the exercise and cognitive 

enhancement intervention (6 ± 2.4%. 95% CI: -8.2 and -4%) and a medium effect for 

exercise only (4 ± 2.7%, 95% CI: -6.3 and -1.7%) (Sacco et al., 2015).  

 

Three RCTs reported significant changes in executive function. One RCT reported 

significant improvements in a group of nursing home residents in category naming 

following six weeks of trice weekly slow-paced walking (22.60 ± 9.68 to 24.80 ± 11.37 

number correct answers) and hand/face exercises (24.62 ± 9.26 to 25.69 ± 8.14) 

compared to the control group (21.60 ± 8.58 to 20.27 ± 9.51) (p=0.03).  Similarly, verbal 

fluency composite scores, reported as a sub analysis of individual cognitive domains 

within the global cognitive composite score, significantly improved following 26 weeks of 

moderate intensity exercise and dual task training (0.60, 95% CI: 0.32-0.87) compared 

to exercise only (-0.03, 95% CI: -0.33 – 0.27) (p=0.003) (Gill et al., 2015). In a six-month 

moderate to high intensity (75-85% HRR) aerobic exercise protocol in people with MCI, 

the intervention arm had significantly better executive functioning scores (verbal fluency, 

stroop, TMT-B and task switching) (p=0.04) post-intervention compared to a stretching 

and toning control group (values not reported). A significant interaction effect was 

identified with gender, suggesting a favourable treatment effect for women.  

 

Four studies reviewed reported no change in measures of executive function with aerobic 

exercise training (De Gobbi Porto et al., 2015, Nagamatsu et al., 2013a, Carson Smith 

et al., 2013, van Uffelen et al., 2008). These included a non-randomised experimental 

study of moderate intensity 12-week duration (Carson Smith et al., 2013), one RCT and 

one single arm intervention that both prescribed moderate-high intensity exercise for a 

six-month period (Nagamatsu et al., 2013b, De Gobbi Porto et al., 2015), and a yearlong 
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RCT of low and moderate intensity walking (van Uffelen et al., 2008). Trail Making Test-

B, Stroop, category fluency, verbal fluency, controlled oral word association test or 

choice reaction time did not demonstrate any measureable change. 

 

3.3.4.4 Exercise and attention and processing speed 

Eight studies measured attention and processing speed; four RCTs and four non-

randomised studies (Baker et al., 2010c, De Gobbi Porto et al., 2015, Gill et al., 2015, 

Sacco et al., 2015, Carson Smith et al., 2013, Tortosa-Martínez et al., 2015, van Uffelen 

et al., 2008, Scherder et al., 2005) with only one study reporting significant changes 

(Baker et al., 2010c).  

 

Baker et al. (2010) reported significant between group differences in attention and 

processing speed (symbol-digit modalities) following a six-month high intensity exercise 

programme in comparison with a stretching and toning protocol (values not reported). In 

contrast, two studies also prescribing a six-month moderate-high intensity exercise 

intervention reported no change in measures of attention and processing speed as 

measured on Trail Making Test-A or Digit-Symbol Substitution test (De Gobbi Porto et 

al., 2015, Gill et al., 2015). A further three non-randomised studies prescribing three 

months of  moderate intensity exercise, reported no changes in measures of attention or 

processing speed on a simple reaction time, symbol digit modalities and TMT-A test 

(Sacco et al., 2015, Carson Smith et al., 2013, Tortosa-Martínez et al., 2015). A six-week 

intervention of slow walking in a group of frail nursing home residents did not produce 

any significant changes on Trail Making Test-A performance (Scherder et al., 2005).  

 

3.3.4.5 Exercise and visuospatial skills 

Two non-randomised studies measured the influence of three and six months of 

moderate-high intensity exercise training on visuospatial skills (De Gobbi Porto et al., 

2015, Carson Smith et al., 2013) with neither study reporting significant changes in 

response to exercise training.  

 

3.3.5 Biomarkers 

Two studies included a biomarker measurement relative to cognitive function. One RCT, 

a six-month moderate to high intensity (75-85% HRR) aerobic exercise protocol reported 

sex differences in biomarker response to exercise, despite comparable gains in CR 

fitness (Baker et al., 2010c). For women, increased glucose disposal during the 
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metabolic clamp, and reduced fasting plasma levels of insulin, cortisol, and brain-derived 

neurotrophic factor were observed following the six months of aerobic training. A sex-

specific effect of aerobic exercise vs stretching was observed for plasma BDNF with a 

higher BDNF response observed in males. For men, aerobic exercise also increased 

plasma levels of insulin like growth factor-1 (absolute values not reported) (Baker et al., 

2010c). In a non-randomised study, Tortosa-Martínez et al. (2015) assigned a group of 

39 people with amnestic MCI to either 60 minutes moderate intensity (60-75% HRmax) 

exercise performed twice weekly, or to usual care. Significant increases in the peak of 

cortisol (30 min after waking – sample two) and the cortisol values at 12:00 hours (sample 

three) was observed in the exercise group compared to the control group (p=0.02) 

(values not reported).  

 

3.3.6 Cardiorespiratory fitness 

In the twelve studies included in this review, six studies measured baseline and post 

intervention cardiorespiratory (CR) fitness with a submaximal (n=3) or maximal exercise 

(n=3) test (Tortosa-Martínez et al., 2015, Baker et al., 2010c, De Gobbi Porto et al., 2015, 

Nagamatsu et al., 2013b, Carson Smith et al., 2013, Gill et al., 2015) (Table 3-4). Three 

studies reported significant gains in CR fitness (VO2max), two after a high intensity 6-

month intervention (Baker et al., 2010c, De Gobbi Porto et al., 2015) and one study after 

12 weeks of moderate intensity exercise (Carson Smith et al., 2013). All three studies 

that reported significant change in VO2max reported significant change in cognitive 

performance in measures of executive function (Baker et al., 2010c), global cognition 

(particularly memory) (De Gobbi Porto et al., 2015) and episodic memory (verbal list 

learning) (Smith et al., 2013a). The other three studies that measured CR fitness failed 

to accurately report post intervention values to allow interpretation (Gill et al., 2015, 

Nagamatsu et al., 2013b, Tortosa-Martínez et al., 2015). The remaining six studies in 

this review did not include a measure of CR fitness. 
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Table 3-4 Studies that included an objective measurement of cardiorespiratory 

fitness pre-post structured aerobic exercise intervention 

Study Exercise test Results 
Baker et al. 
(2010c) 

Modified Balke 
maximal graded 
treadmill test 

Baseline VO2peak (ml/kg/min) 
Aerobic group:  
Women 22.6 (4.2)      Men 25.2 (5.4) 
Stretching  and toning group:  
Women 20.4 (1.9)      Men 23.6 (5.9) 
 
Post intervention + 11% increase in VO2 peak 
reported in the aerobic training group and – 
7% in the stretching and toning group 
(p=0.003). Absolute values not reported.  
 

Carson 
Smith et al. 
(2013) 

Modified Balke-Ware 
protocol submaximal 
treadmill test 

VO2peak (ml/kg/min) 
MCI: pre 19.1 (4.1) post 21.5 (3.4) 
Control (cognitively intact group): pre 20.1 
(5.0) post 21.2 (4.1) 
 
Both groups received the same exercise 
intervention. Within group difference, 
significant mean increase in VO2peak 
(p=0.004) 
 

De Gobbi 
Porto et al. 
(2015) 

Treadmill VO2max 
test  
 
Increased increments 
in velocity and 
inclination every 
minute until 
exhaustion 
 

VO2max (ml/kg/min) 
Baseline: 22.0 (3.5) 
Post intervention: 23.8 (4.0) 
 
Within group difference 1.8 (2.0), (p=<0.001) 
 
 

Nagamatsu 
et al. 
(2013b) 
 

Six minute walk test 
(submaximal) 

Values not reported 

Gill et al. 
(2015) 

The step test 
(submaximal) 

Baseline predicted VO2max (ml/kg/min) 
Exercise only: 27.6 (10.3) 
Exercise and dual task training: 27.8 (8.6) 
 
Post intervention values not given. 
Improved fitness was not anticipated as both 
intervention groups were actively exercising 
prior to study enrolment.  
 

Tortosa-
Martínez et 
al. (2015) 

Six minute walk test 
(submaximal) 

Distance (metres) on six minute walk test 
 
Exercise group: 
Baseline 431.84 (56.79)   
Post intervention 493.88 (31.22) 
 
Control group:  
Baseline 401.05 (109.77)  



70 

 

Post intervention (399.66 (87.00) 
 
Significant between group differences 
(p=0.000). Predicted VO2max not estimated. 

   

 

3.4 Discussion 

This review summarises evidence from exercise intervention studies examining the 

effect of structured aerobic exercise on cognitive performance in people with MCI. 

Evidence pertaining to biomarkers relative to cognition and CR fitness is also 

summarised. This systematic review found low to moderate quality evidence to support 

the effectiveness of aerobic exercise interventions in improving cognitive function in 

people with MCI. Furthermore, the results reveal a paucity of exercise trials in MCI 

populations examining CR fitness and biological mechanisms that may underpin the 

relationship between aerobic exercise and cognitive performance. While available 

evidence is generally inconsistent and of variable quality, some tentative conclusions 

can be drawn from the results. Under certain aerobic exercise prescription parameters; 

global cognition, memory and executive function appear malleable to exercise induced 

cognitive change in people with MCI. In contrast, measurements of attention, processing 

speed or visuospatial skills did not demonstrate any significant change with aerobic 

exercise training.  

 

The recent update to the AAN practice guideline on MCI recommends people with MCI 

participate in twice weekly exercise. While previous research has highlighted a positive 

relationship between aerobic fitness, brain health, and cognitive performance in adults 

without cognitive impairment (Kramer et al., 2000, Kirk-Sanchez and McGough, 2014), 

the dose-response relationship between aerobic exercise and cognition remains poorly 

understood in individuals with MCI.  A summary of the results in this current review 

indicate a moderate-high intensity aerobic prescription of ≥6 month duration at a 

minimum is necessary to produce a change in cognitive performance in global cognition, 

memory and executive function (Baker et al., 2010c, De Gobbi Porto et al., 2015, Gill et 

al., 2015, Nagamatsu et al., 2013b, Wei and Ji, 2014, Hu et al., 2014).  

 

With the exception of the study by Smith et al. (2013), most studies reporting changes in 

global cognition, memory and executive function prescribed a moderate to high intensity 

intervention of six month duration (van Uffelen et al., 2008, Nagamatsu et al., 2013b, Gill 

et al., 2015, Hu et al., 2014, Wei and Ji, 2014, De Gobbi Porto et al., 2015, Baker et al., 

2010c) with executive function also demonstrating change following shorter duration 
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interventions (six weeks to three months) across a range of exercise intensities 

(Scherder et al., 2005, Tortosa-Martínez et al., 2015, Sacco et al., 2015). It can be 

postulated that low intensity aerobic exercise is not sufficient to elicit the neurotrophic 

and neuroplastic changes that augment cognitive performance.  Within a subset of 

memory performance, episodic memory measured using verbal learning and memory 

tasks significantly improved across three studies (Carson Smith et al., 2013, Nagamatsu 

et al., 2013b, Gill et al., 2015), which may represent the preservation of hippocampal 

volumes through trophic induced neurogenesis that has been shown to occur in 

response to aerobic exercise in healthy older adults (Cotman et al., 2007).  

 

Two studies that included a biological marker reported improved cortisol profiles 

following participation in a moderate - high intensity aerobic exercise training which was 

associated with improved performance on measures of executive function (Baker et al., 

2010c, Tortosa-Martínez et al., 2015). Previous studies have shown that elevated levels 

of cortisol are an established risk factor for cognitive dysfunction and decline in cognitive 

ageing (Lee et al., 2007, Lucassen et al., 2014). Moreover, the deleterious effects of 

highly elevated basal cortisol levels have been associated with cognitive impairment, 

neuro-structural changes and decreased hippocampal volume in people with AD 

(O'Brien et al., 1996, Lupien et al., 1998). Several observational studies of non-demented 

older adults have linked increased basal cortisol levels with decreased cognitive abilities 

in hippocampus-dependent learning and memory and reduced hippocampal volume 

(Pruessner et al., 2005). Stawski et al. (2011) reported that higher cognitive functioning 

in adults, particularly executive function was associated with healthier daily cortisol 

profiles including a steeper diurnal cortisol slope, higher morning cortisol levels, and 

lower afternoon and evening cortisol levels.  However, the circadian pattern of cortisol 

secretion is complex and further studies are required to establish exercise-induced 

changes in the circadian pattern of cortisol secretion and the interaction between cortisol 

patterns and cognitive function. 

 

In a recent study, CR fitness did not differ significantly between an amnestic MCI group 

compared to an amnestic MCI group (Ding et al., 2018). However, CR fitness has 

demonstrated a modest reduction in subjects with AD (34.7 ± 5.0 mL/kg/min) compared 

to cognitive normal older adults (38.1 ± 6.3 mL/kg/min, p = 0.002) (Burns et al., 2008). 

CR fitness is considered a modifiable risk factor for cognitive decline and results in this 

review indicate that CR fitness is amenable to 3-6 months moderate–high intensity 

structured aerobic exercise intervention in MCI cohorts (Baker et al., 2010c, De Gobbi 

Porto et al., 2015, Smith et al., 2013a). As one of the fundamental goals of aerobic 
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training is to improve cardiorespiratory fitness, future studies should measure CR fitness 

as a key outcome to ascertain the effectiveness of the intervention. 

 

Overall trials reviewed were of a low to moderate quality and presented with a number 

of methodological limitations that warrant further discussion. Firstly, it was difficult to 

assess the clinical significance of findings as a number of studies reporting cognitive 

change failed to provide estimates of appropriate effect sizes and confidence intervals, 

which should be reported as a minimum expectation (American Psychology Association, 

2009). In addition, a huge variety of cognitive tasks were used with results measured, 

analysed and reported in many different ways and studies failed to provide any 

theoretical justification for the selection of cognitive tasks. It was unclear in the current 

review whether studies were not sufficiently powered to see significant changes or 

results represented of a lack of effectiveness. A number of studies included were not 

powered on a primary outcome and presented a high risk of type 1 error due to running 

multiple statistical analysis without sufficient power. Future studies should ensure 

sufficient power with a power calculation based on the studies primary outcome, and use 

a standardised approach to the reporting of cognitive outcomes to provide more 

comparability of results. Studies that reported improvements in global cognition, memory 

of executive function presented with a number of methodological issues including 

recruitment from nursing home populations of older persons with MCI (Wei and Ji, 2014, 

Scherder et al., 2005), recruitment from an existing exercise programme (Gill et al., 

2015), small sample size (Sacco et al., 2015) and absence of an inactive control group 

(De Gobbi Porto et al., 2015, Carson Smith et al., 2013).  

 

Secondly, participant selection was biased across a number of studies with four studies 

(Varela et al., 2012, Hu et al., 2014, Wei and Ji, 2014, Scherder et al., 2005) exclusively 

recruiting participants who were nursing home care residents and therefore the 

generalisability of the results to the general MCI population is limited. Furthermore, MCI 

diagnostic criteria varied across studies with seven different MCI diagnostic criteria 

applied which presents the issue of a heterogeneous MCI sample. Three studies sub 

classified by MCI type (amnestic and non-amnestic MCI) (Baker et al., 2010c, De Gobbi 

Porto et al., 2015, Tortosa-Martínez et al., 2015). Amnestic MCI and non-amnestic MCI 

separation is not only theoretical but supported by observed differences in both structural 

imaging and neuropsychological tests (Csukly et al., 2016). As people with amnestic MCI 

have a higher suspicion of an underlying neurodegenerative process and are known to 

have a higher rate of conversion to AD (Petersen et al., 1999), refinement of MCI 

subtypes in intervention studies and recruiting a homogenous patient cohort using 
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standardised criteria may help to predict the direction of progression and create a more 

targeted exercise intervention (Devenney et al., 2017). The NeuroExercise trial, to which 

all studies within this thesis are closely aligned will address many of the questions and 

methodological concerns highlighted in this review.  

 

3.5 Conclusion 

The evidence to support aerobic exercise training in an MCI population is limited and 

most studies show only modest or partial benefits. However, there is a small body of 

emerging evidence that aerobic exercise of moderate intensity performed for six months 

has the capacity to improve cognitive performance in areas of global cognition, memory 

and executive function in people with MCI in people with MCI. Attention, processing 

speed or visuospatial skills did not appear amenable to exercise induced change. Further 

high-quality studies are needed in this patient population to gain greater understanding 

of the optimal training regimen for this patient cohort. Future research should focus on 

harmonisation of cognitive tests utilised, reliably report exercise prescription and 

adherence and include objective measures of CR fitness to assess intervention 

effectiveness. Examination of the underlying biological processes that mediate this 

relationship also requires further research. 
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4 Chapter 4: Study I: High intensity acute aerobic exercise 

increases brain derived neurotrophic factor in mild 

cognitive impairment: a randomised controlled study 

4.1 Introduction  

A significant body of work has investigated the effects of acute exercise (defined as a 

single bout of exercise) on cognition. Meta-analytic reviews report an overall small 

positive effect of acute exercise on cognitive performance (Effect Size (ES) = 0.10), 

especially in areas of prefrontal cortex-dependent cognition (Chang et al., 2012, 

Lambourne and Tomporowski, 2010, McMorris and Hale, 2012). Studies in both animal 

models and human subjects have described a number of neurophysiological and 

neurochemical changes after an acute bout of exercise (Basso and Suzuki, 2017). While 

the exact neuronal mechanisms underlying the acute exercise-cognitive relationship 

have not been fully elucidated, recent evidence in healthy cohorts postulates Brain 

Derived Neurotrophic Factor (BDNF) as a mediator of this relationship (Piepmeier and 

Etnier, 2015). A single session of exercise has been shown to increase concentrations 

of peripheral BDNF in a transient and intensity-dependent manner in healthy populations 

(Schmidt-Kassow et al., 2014, Ferris et al., 2007, Tang et al., 2008, Saucedo Marquez 

et al., 2015, Schmolesky et al., 2013, Knaepen et al., 2010). 

 

The transitional phase of MCI along the cognitive continuum presents an opportunity for 

targeted interventions such as the exercise-induced upregulation of BDNF. As chronic 

exercise is the cumulative result of regular bouts of acute exercise, understanding the 

acute effects of exercise is an integral part of building a comprehensive understanding 

of the long-term effects of exercise on cognitive function (Basso and Suzuki, 2017). 

Investigating the neurobiological changes that may modulate these acute effects over 

time, will help in deepening the understanding of the long-term structural and 

physiological changes that have been described following long-term exercise 

interventions and may also help to determine optimal strategies to maximise the effects 

of both acute and chronic exercise on brain functioning in individuals with MCI.  

 

4.2 Aims and objectives 

The aim of this study was to examine the effect of a short bout of high intensity aerobic 

exercise on serum BDNF (sBDNF) concentration and cognitive performance in 

individuals with MCI. The working hypothesis was that a short bout of high intensity 
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exercise would significantly increase sBDNF and cognitive performance compared to a 

resting control condition. The specific objectives were: 

• To investigate the immediate change in sBDNF and cognitive performance 

following a short bout of high intensity aerobic exercise compared to a resting 

control condition 

• To explore sex differences in sBDNF and cognitive performance following an 

acute bout of high intensity exercise 

 

4.3 Methods 

4.3.1 Study design 

Study I was conducted during the baseline assessment for the NeuroExercise study. 

Participants were randomised using a computer generated randomisation list to one of 

two testing schedules. Group A represented the exercise condition while group B was 

designed to act as the control condition. Outcome measurements were collected at T1 

(baseline), T2 (post the exercise condition in group A and post a resting control condition 

for group B) with T3 measurements (post exercise) only collected in group B. 

 

 

Figure 4:1 Study design and schedule of outcome assessments in Study I 

4.3.2 Participants 

4.3.2.1 Inclusion and exclusion criteria 

Full details of the study recruitment, diagnostic, inclusion and exclusion criteria are 

available in Chapter 2, Section 2.3.2 – 2.3.5.  
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4.3.3 Study outcomes 

4.3.4 Blood sampling for BDNF measurement 

A pre-exercise resting blood sample was collected prior to administration of cognitive 

measures. The post-exercise blood sample was collected between 0-10 minutes 

following the exercise or control condition. Details on blood sampling technique and 

laboratory analysis are available in Chapter 2, Section 2.5.1 - 2.5.3. 

 

4.3.5 Cognitive performance  

A battery of cognitive tests were performed following each blood draw. These included: 

1. CANTAB Paired Associate Learning (PAL) task, a measure of visuospatial 

learning and memory.  

2. Sustained Attention to Response Task (SART), a computerised Go-No-Go 

paradigm measuring sustained attention 

3. Stroop Neuropsychological Screening Test (Stroop) measuring executive 

function  

Testing took approximately 30 minutes to complete. Full details on the psychometric 

properties and the standardised administration of each cognitive test is outlined in 

Chapter 2, Section 2.5.5 – 2.5.8. 

 

4.3.6 Intervention 

Participants performed a graded cardiopulmonary exercise test to volitional exhaustion 

as per WHO protocol (Fletcher et al., 2001). This intervention was complete as described 

in Chapter 2.4.1.  

 

4.3.7 Sample size 

A recent meta-analytic review reported that an acute bout of exercise increased BDNF 

levels with a moderate effect size (Hedges’ g = 0.46, SE = 0.08, 95% CI = 0.29–0.62, z 

= 5.49, p < 0.001) (Szuhany et al., 2015). Using these values, with 0.05 significance level 

and 80% power, 32 participants were required per arm to demonstrate an effect size of 

0.46 in people with MCI.  

 

4.3.8 Statistical analysis 

SPSS 24 (SPSS Inc; Chicago, IL, USA) was used for analysis with statistical significance 

set at p<0.05. Kolmogorov-Smirnov test (p>.05) and visual inspection of histogram and 
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Q-Q plots was used to assess assumptions of normality on all independent baseline 

variables. In the case of non-normally distributed data, non-parametric tests were 

performed. 

 

To standardise and avoid skewing data, BDNF data were examined for outliers, with 

measurements ±2 SDs removed from the mean excluded as per standard approach 

(Griffin et al., 2011). Following these criteria, n=9 were removed from further analysis. 

 

For the primary analysis, between-group differences between T1 and T2 were analysed 

for all study variables using an Independent samples t-test for normally distributed data 

and using a Mann-Whitney U Test for non-normally distributed data. In the secondary 

analysis, Friedman’s Test and ANOVA was used to measure the change over time in 

study outcomes in group B. Wilcoxon Signed Rank Tests and Paired Sample T-Tests 

were performed in post-hoc analysis to determine effect size and compare T1–T2 ,T2-

T3 and T1-T3 in group B. As secondary analysis involved multiple comparisons, a 

Bonferroni correction was applied and alpha level was revised to 0.025. 

 

4.4 Results 

Participants were enrolled from February 25th, 2016 and data collection for this study 

ended on July 17th, 2017. 64 participants were enrolled and randomised to either group 

A (n=35) or group B (n=29). 

 

4.4.1 Participant characteristics 

Participant characteristics (age, sex, education, MoCA and Body Mass Index (BMI)) were 

similar between groups at baseline (Table 4-1). Participants had a mean age of 70.5 

years (± 6.3), 53.2% female, mean MoCA score of 22.0 (± 2.5) and the majority (n=38, 

59.4%) were highly educated (>13 years). Cardiorespiratory (CR) fitness levels 

categorised based on age and gender norms revealed a large proportion (n=54, 84.4%) 

were categorised as very poor (<20th percentile) (ACSM, 2013). Despite randomisation, 

baseline CR fitness was significantly higher in group B (20.34 ± 6.47 mL/kg/min) 

compared to group A (17.56 ± 4.14 mL/kg/min). 
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Table 4-1 Baseline participant characteristics Study IV. Data are presented as mean 

± SD for normally distributed data and as median ± IQR for non-normally distributed data. 

Note statistical significance; *p < .05 

Variable 

       Group A: Exercise 

                  n=35 

Group B: Control 

n=29  p-value 

Gender (M/F) 13/22 17/12 0.14 

Age (years) 71.7 (5.3) 69.0 (7.2) 0.09 

Education (years) 12.5 (3.0) 14.0 (3.2) 0.07 

MoCA 21.6 (2.5) 22.4 (2.6) 0.24 

BMI (kg/m2) 27.44 (4.49) 26.14 (4.21) 0.23 

VO2max (mL/kg/min) 17.56 (4.14) 20.34 (6.47) *0.002 

 

There were no significant between group differences in baseline measures of cognitive 

performance or sBDNF concentration. Baseline sBDNF did not correlate with MoCA 

(rho=.10, p=.46), PAL task (rho=.10, p=.44), age (rho= -.02, p=.87) or CR fitness (VO2 

max) (rho=-.01, p=.92).  Baseline sBDNF concentration for male (3699.52 ± 6758.59 

pg∙ml−1) and female (5058.11 ± 6280.08 pg∙ml−1) participants were comparable (p=.22). 

Exercise duration and intensity did not differ between group A and group B (Table 4-2). 

 

Table 4-2 Objective measurements of exercise intensity and duration during 

performance of the exercise condition (short bout high intensity) in group A and 

group B. Data are presented as mean ± SD. 

 

Group A 

n=35 

Group B 

n=29 p-value 

Time (minutes:seconds) 9:11 (3:63) 10:25 (2:26) 0.11 

Max watts (Wattsmax) 100 (50) 100 (50) 0.34 

Max HR (HRmax) 118 (20) 124 (21) 0.27 

Peak lactate (mmol/L) 5.0 (4.8) 4.4 (2.7) 0.16 

Lactate change (mmol/L) 2.9 (3.5) 2.8 (3.5) 0.33 

Respiratory Exchange Ratio (RER) 1.06 (0.12) 1.06 (0.07) 0.95 
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Table 4-3 Effect of intervention (exercise v control) on BDNF and cognitive outcomes. Data are presented for the exercise (group A) and 

control group (group B) as mean ± SD for normally distributed data and as median ± IQR for non-normally distributed data. Note p-value represents 

within group differences with statistical significance; *p < .05. BDNF: Brain Derived Neurotrophic Factor. PALTEA: Paired Associate Learning 

Total Errors Adjusted. CWS: Colour Word Score. SART: Sustained Attention to Response Task. CE: Commission Errors. RT: Reaction Time. 

 

Variables  Baseline T1 Follow-up T2 Difference within groups p-value Effect size 

BDNF  pg∙ml−1           

Exercise 4642.51 (7065.08) 5308.17 (6355.73) 123.96 (2690.97) 0.07 n/a 

Control 5330.86 (10346.65) 4477.95 (5002.88) -530.79 (1427.44)     

BDNF  pg∙ml−1outliers excluded           

Exercise 4564.61 (5737.23) 5173.27 (5997.54) 135.86 (1709.74) *0.02 0.3 

Control  4593.74 (9558.29) 3974.66 (3668.22) -530.79 (838.43)     

PALTEA           

Exercise 44 (30) 46 (23) .26 (10.29) 0.08 n/a 

Control 44 (22) 33 (29) -6 (15.3)     

Stroop CWS           

Exercise  66.42 (28.51) 70.48 (30.66) 4.00 (16.00) 0.45 n/a 

Control 75.25 (26.97) 77.93 (27.42) 1.00 (13.00)     

SART CE           

Exercise 2.5 (5) 4 (4) -0.5 (5) *0.02 0.28 

Control 3 (4) 2 (3) 1 (3)     

SART RT (ms)           

Exercise 142.04 (83.50) 128.07 (74.42) 4.84 (39.24) 0.055 n/a 

Control 154.57 (78.90) 123.61 (79.62) 27.66 (51.36)   
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4.4.2 Primary analysis: between group difference in BDNF and cognitive 

performance 

sBDNF concentration increased in group A (exercise condition) from T1 (4564.61 ± 

5737.23 pg∙ml−1) to T2 (5173.27 ± 5997.54 pg∙ml−1) and decreased in group B (resting 

control condition) from T1 (4593.74 ± 9558.29 pg∙ml−1) to T2 (3974.66 ± 3668.22 

pg∙ml−1), indicating a medium effect size (p=0.024, ES =.3), (Figure 4:2). The median % 

relative change in sBDNF concentration from T1 to T2 in response to exercise in group 

A was 7.07% (± 31.30%) and -13.3% (± 22.49%) in response to a resting control 

condition in group B (p=0.06).  

 

 

Figure 4:2 Boxplot showing the change in serum BDNF in response to a high 

intensity exercise or resting control condition 

 

SART commission error rate increased in group A (Md -.50, n=34) and decreased in 

group B (Md 1.0, n=29) from T1 to T2, U=654.000, z=2.240, r=0.28 representing a small 

effect size. An acute bout of high intensity exercise did not significantly alter PALTEA, 

Stroop CWS or SART RT (Table 4-3).  
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4.4.3 Secondary analysis: change over time within group B 

Repeated measures analysis within group B indicated a statistically significant difference 

in sBDNF concentration across the three timepoints (p = 0.005). Serum BDNF 

concentration reduced significantly during the resting condition between T1 

(Md=4043.97 ± 3982.81 pg∙ml−1) and T2 (Md=3076.75 ± 2800.29 pg∙ml−1), p = 0.01, 

with a medium effect size (r=.38), and increased significantly from T2 (Md=3076.75 ± 

2800.29 pg∙ml−1) to T3 following completion of a short bout of high intensity aerobic 

exercise (Md=3605.68 ± 5201.05 pg∙ml−1), p = 0.001, with a medium to large effect size 

(r=.48) (Table 4-4). The relative change in sBDNF is consistent with the findings of the 

primary analysis, with the mean % relative change in sBDNF concentration from T2 to 

T3 (post exercise) in group B of 15.7% (± 22.1%).  

 

Stroop CWS (Wilk’s Lambda =.668, F (2,26)=6.461, p=.005, multipartial eta squared 

=.33) and SART reaction time (2, n=29) = 0.036 p = 0.005) changed significantly over 

time within Group B, indicating improved cognitive performance. There were significant 

increases in Stroop CWS following participation in the exercise condition with improved 

Stroop CWS from T1 (M = 75.25 ± 26.97) to T3 (M = 83.93 ± 21.47) (mean increase = -

8.679, 95% confidence interval -13.55 to -3.80), (p=0.001, ES .34). Furthermore, SART 

reaction time reduced significantly from T1 (Md 154.57 ms ± 78.90) to T2 (Md 123.61 ms 

± 79.62), (p=0.004, ES 0.37), with no significant change in SART commission errors 

within Group B. Additionally, PALTEA did not change significantly over time (2, n=29) = 

7.000. p = 0.03) although a non-significant decrease in error rate was observed from 

from T1 (Md 44 ± 22) to T2 (Md 33 ± 29), (z=-2.130, p=0.03, ES 0.27) and from T1 to T3 

(Md=28 ±) (z=-2.232, p=.026, ES 0.29) (Table 4-4). 
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Table 4-4  Secondary analysis measuring change over time in study outcomes within group B. 

Bonferroni correction applied and alpha level p < 0.025. 

 

 

 

 

 

 

 

 

Variables  
Baseline 

T1 
Post control 
condition T2 

Post exercise 
condition T3 p-value 

 
BDNF pg∙ml−1 

outliers excluded 
4593.74 (9558.29) 3974.66 (3668.22) 4790.90 (6713.17) 0.005* 

Cantab PALTEA 44 (22) 33 (29) 28 (30) 0.03 

Stroop CWS 75.25 (26.97) 77.93 (27.42) 83.93 (21.47) 0.005* 

SART  CE 3 (4) 2 (3) 2 (3) 0.25 

SART RT (ms) 154.57 (78.90) 123.61 (79.62) 142.07 (65.87) 0.005* 
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4.4.4 Sex differences in acute exercise BDNF and cognitive response  

There was a significant difference in SART RT pre to post exercise in female participants 

(Pre Md 156.14ms ± 83.31 to post Md 134.62ms ± 69.86) compared to male participants 

(Pre Md 130.08ms ± 76.45 to post Md 136.77ms ± 67.56), (p=0.025, ES 0.28). There 

were no significant differences between male and female participants in exercise-BDNF 

response and other cognitive measures. 

 

4.5 Discussion 

This study examined changes in sBDNF concentration and cognitive performance in 

response to a short bout of high intensity aerobic exercise in individuals with MCI. This 

is the first study to show that a short bout of high intensity aerobic exercise increases 

peripheral sBDNF in an MCI population. The results support previous work in this area 

which has primarily focused on young healthy cohorts (Ferris et al., 2007, Griffin et al., 

2011, Vega et al., 2006, Winter et al., 2007, Tsai et al., 2014b, Tonoli et al., 2015, Tang 

et al., 2008, Hwang et al., 2016, Hötting et al., 2016). However, in the current study 

exercise induced increase in sBDNF did not lead to any significant between group 

differences in cognitive performance, with secondary analysis demonstrating only 

modest within group change. 

 

The findings of the present study are consistent with previous studies that have reported 

increases in peripheral BDNF in response to acute exercise protocols in healthy adult 

cohorts (Ferris et al., 2007, Griffin et al., 2011, Vega et al., 2006, Winter et al., 2007, Tsai 

et al., 2014b, Tonoli et al., 2015, Tang et al., 2008, Hwang et al., 2016, Hötting et al., 

2016) and in clinical populations (Gustafsson et al., 2009, Castellano and White, 2008). 

To date, few studies have examined the effect of acute aerobic exercise on peripheral 

BDNF in older adults (Coelho et al., 2014, Gomes et al., 2014, Babaei et al., 2014, 

Dimitrova et al., 2017, Håkansson et al., 2017) or MCI (Tsai et al., 2018). However,  a 

recent study by Tsai et al. (2018) found an acute bout of 30 minutes of moderate intensity 

aerobic exercise significantly increased sBDNF levels in a group (n=25) of older adults 

with amnestic MCI. In agreement, findings indicate that older adults with MCI, despite 

being in the early stages of the neurodegenerative process, retain the ability to increase 

peripheral BDNF concentration following acute aerobic exercise of varying intensity and 

duration. 
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Across the literature, the percentage BDNF change in response to exercise varies widely 

in healthy and clinical populations, with an average increase of 60% reported in 

peripheral BDNF levels following acute exercise (Dinoff et al., 2017, Knaepen et al., 

2010). The magnitude of BDNF change in response to exercise is dependent on blood 

lactate concentration, duration and intensity of exercise and is transient in nature 

(Schmidt-Kassow et al., 2014, Ferris et al., 2007, Tang et al., 2008, Saucedo Marquez 

et al., 2015, Schmolesky et al., 2013, Knaepen et al., 2010, Schiffer et al., 2011). The 

within group sBDNF change in response to exercise observed in our results was 7.07% 

(group A) and 15.7% (group B). Studies of similar study design that examined 

comparable graded exercise protocols in healthy young cohorts (Ferris et al., 2007, 

Griffin et al., 2011, Vega et al., 2006) and clinical populations (Laske et al., 2010, Coelho 

et al., 2014) reported higher % BDNF change in response to exercise (16%-30% relative 

change from baseline).  Coelho et al. (2014) examined the exercise BDNF response in 

21 older adults with AD and 18 healthy older adults and found significant increases in 

BDNF plasma levels in both groups (p = 0.001; F = 13.63; df = 37) with a relative change 

of 22% and 16% respectively.  Despite comparable performance of the exercise 

condition (duration and intensity) in both groups, group B demonstrated a higher % 

increase in sBDNF post exercise. In contrast to existing literature, the BDNF upregulation 

did not appear to be driven by lactate (Schiffer et al., 2011), but may be explained by the 

significantly higher CR fitness observed in group B. 

 

CR fitness in the present study cohort was low, with n=59 (92.2%) of participants 

categorised as very poor (<20 percentile) or poor (20-40 percentile) (ACSM, 2013). While 

evidence supports strong associations between higher levels of CR fitness and cognitive 

function (Wong et al., 2015, Smith et al., 2010), the relationship between BDNF and CR 

fitness is unclear, with some studies reporting a positive association between the two 

immediately after exercise (Cho et al., 2012) and others reporting an inverse relationship 

(Tomporowski, 2003, Jung et al., 2011, Currie et al., 2009). A meta-analytic review by 

Dinoff et al. (2017) reported significant associations between VO2peak and effect sizes 

in studies measuring the effects of acute exercise on BDNF, indicating greater increases 

in peripheral BDNF after acute exercise in those with greater CR fitness. In the present 

study, we could not compare BDNF response in high and low fit participants due to the 

homogeneity in the study sample but no correlation was found between CR fitness 

(VO2max) and baseline sBDNF levels. 

 

Despite the consistently reported positive effects of acute exercise on cognitive 

performance (Piepmeier and Etnier, 2015, Winter et al., 2007, Skriver et al., 2014, Basso 
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et al., 2015, Hillman et al., 2003), the findings of the current study do not support the 

beneficial effect of acute exercise on cognitive performance in MCI. In contrast, the 

resting control condition demonstrated a decrease in sBDNF and improved performance 

on the SART, a task that activates the cortical and subcortical attentional networks 

(O'Connor et al., 2011). While it is possible that the resting control condition may have 

reduced circulating cortisol levels similar to quiet meditation practice (O’Leary et al., 

2016, Fox et al., 2014), the mechanisms underpinning the observed effect cannot be 

fully explained with further research required.  

 

Although a polarising topic in neuroscience research, sex differences in cognition have 

generally been disregarded as a confounder. A number of authors argue that biology is 

not a major determinant for sex differences in cognition and that these differences are 

overall small and negligible (Hyde and Linn, 2006, Hyde, 2005). In the current study, 

baseline measures of cognitive performance were comparable for male and female 

participants. Similarly, longitudinal studies of aging suggest no significant sex differences 

with regard to overall cognitive performance (Seeman et al., 2001). However, sex 

differences in SART RT were observed with females gaining significant improvement in 

RT following acute exercise compared to males. RTs are known to slow and become 

more variable with age, with significant sex differences reported in reaction time 

variability (Der and Deary, 2006). Despite recent reports of sex differences in the 

cognitive response in executive function tasks to exercise (Barha et al., 2017), we did 

not observe any sex differences in other cognitive measures in response to acute 

exercise. 

 

Furthermore, findings did not reveal sex differences in BDNF at baseline or in response 

to acute exercise. Recent studies report that some functions or action mechanisms of 

BDNF may vary in a sex-dependent manner (Chan and Ye, 2017). The interaction 

between BDNF and sex steroids, namely oestrogen is thought to have a positive 

regulatory effect on BDNF expression and signalling. Therefore, hormonal status can 

greatly influence the expression of BDNF and the disruption of the relationship between 

oestrogen and BDNF (such as in the case of menopause) is thought to contribute to 

neurological disorders associated with the hippocampus, such as AD (Scharfman and 

MacLusky, 2005, Sohrabji and Lewis, 2006). A meta-analytic review and RCT report that 

the BDNF response to acute and chronic exercise may vary in a sex-dependent manner 

(Dinoff et al., 2017, Baker et al., 2010c) with significant increases observed in males but 

not in females. In contrast, our findings did not reveal sex differences in the BDNF 

response to acute exercise.  
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4.6 Conclusion 

The results of this study indicate that a single session of high intensity exercise is feasible 

in an MCI cohort, enhances circulating sBDNF concentration but does not improve 

visuospatial learning and memory, sustained attention or executive function. This 

research adds to the literature which postulates that the impaired BDNF profile in MCI 

cohorts may be amenable to exercise training as a strategy to address the declining 

BDNF profile. 
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5 Chapter 5: Study II: A comparison of contrasting aerobic 

exercise protocols on serum brain derived neurotrophic 

factor concentration and cognitive performance in mild 

cognitive impairment 

 

5.1 Introduction 

Given the generally reported facilitative effect of acute exercise on cognitive 

performance, it is important for research to explore dose–response characteristics in 

clinical populations to help define the optimal level of acute exercise for cognitive benefit 

(Chang et al., 2012, Lambourne and Tomporowski, 2010). Acute effects of exercise help 

provide an understanding of the underlying mechanisms by which the brain adapts to 

habitual exercise (Weng et al., 2017). 

 

Within the literature, a number of moderators of the acute exercise and cognitive 

relationship have been identified including exercise intensity and duration (Chang et al., 

2012, Lambourne and Tomporowski, 2010). Specific to duration, research suggests that 

exercise ranging from 11 minutes (Chang et al., 2012) to 40 minutes (Tomporowski 

2010) are effective in eliciting exercise induced cognitive change (Lambourne and 

Tomporowski, 2010, Roig et al., 2013). However, a curvilinear dose-response between 

exercise duration and cognitive performance has been suggested, with 20 minutes of 

exercise reported as the optimum duration in a group of young males, with shorter or 

longer durations demonstrating negligible benefits (Chang et al., 2015).  

 

Exercise intensity, a more complex concept, has garnered a great deal of attention within 

this field of research. Several studies (Chmura et al., 1994, Arent and Landers, 2003, 

Perini et al., 2016), narrative reviews (Best, 2010, McMorris and Graydon, 2000, 

Tomporowski, 2003, Brisswalter et al., 2002) and meta-analyses  (Chang et al., 2012, 

Lambourne and Tomporowski, 2010, Etnier et al., 1997) have suggested an inverted U-

shaped relationship between acute exercise and cognition, with moderate intensity 

exercise considered most effective in increasing physiological arousal and the amount 

of allocatable resources, thereby facilitating cognition (Yerkes and Dodson, 1908). In 

contrast, the ‘drive theory’ is also supported within the literature, with studies 

demonstrating a linear dose–response trend during exercise, such that increased 

exercise intensity is directly related to improved cognitive performance with the largest 
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effects observed at high intensity (Chang et al., 2009, Davranche and Audiffren, 2004, 

Landers, 1980). 

 

With exercise intensity considered important in determining magnitude of change in 

physiological mechanisms (heart rate, catecholamines and magnitude of BDNF 

increase), an intensity driven change across these physiological mechanisms may be 

important for predicting the cognitive effect following acute exercise. A review of acute 

exercise by Knaepen et al. (2010) described the positive relationship between exercise 

intensity and BDNF concentrations, indicating that high intensity protocols result in larger 

increases in BDNF concentration over low-intensity protocols. Thus, if BDNF is a 

mediator of the effects of acute exercise on cognitive performance, intensity would be 

expected to influence behavioural (cognitive) outcomes. 

 

While initial results are promising that both maximal and submaximal intensities show 

positive effects on cognitive performance, further research is necessary to clarify the 

dose-response effect. The contradictory findings in experimental research has led to the 

identification of several methodological factors to control in studies including the intensity 

and duration of exercise (Brisswalter et al., 2002). This study was designed to investigate 

contrasting aerobic exercise protocols and examine whether a short bout high intensity 

aerobic exercise or a longer duration (45 minutes) of moderate intensity aerobic exercise 

has a greater impact on serum BDNF (sBDNF) concentration and cognitive performance 

in a Mild Cognitive Impairment (MCI) cohort. 

 

5.2 Aims and objectives 

The aim of this study was to compare the effect of two distinct aerobic exercise protocols 

on sBDNF concentration and cognitive performance in an MCI cohort. The specific 

objectives were: 

• To evaluate the sBDNF response to a short bout of high intensity exercise 

compared to a longer bout of moderate intensity exercise 

• To compare the effect a short bout of high intensity exercise and a long bout of 

moderate intensity exercise on a selection of cognitive tasks measuring 

visuospatial learning and memory, sustained attention and executive function 
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5.3 Methods 

5.3.1 Participant recruitment 

Participant recruitment, diagnostic, inclusion and exclusion criteria to all studies 

presented in this thesis is described in Chapter 2, Section 2.3.2 – 2.3.5. Only participants 

randomised to the aerobic intervention arm of the NeuroExercise study participated in 

the study presented in this chapter. 

 

5.3.2 Study design 

Using a within-subject study design, each participant acted as their own control and 

completed two experimental exercise conditions. Firstly, participants completed exercise 

condition A - a short bout of high intensity aerobic exercise. One week later, participants 

completed exercise condition B - a longer (45 minute) bout of moderate intensity aerobic 

exercise (Figure 5:1).  Blood sampling and cognitive testing was performed at rest (pre 

exercise) and immediately post the aerobic exercise condition. The difference pre-post 

exercise was calculated and compared between the two experimental exercise 

conditions. 

 

 

Figure 5:1  Outline of study design, intervention and outcome assessments in 

Study II 
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5.3.3 Outcomes 

5.3.4 Blood sampling 

Blood samples were collected in a resting state (pre exercise) and within 0-10 minutes 

post each exercise condition. The procedure is outlined in Chapter 2, Section 2.5.1 – 

2.5.3. 

5.3.5 Cognitive performance 

Following blood sampling, cognitive measures were administered pre and post both 

exercise conditions. These included: 

1. CANTAB Paired Associate Learning (PAL) task, a measure of visuospatial 

learning and memory.  

2. Sustained Attention to Response Task (SART), a computerised Go-No-Go 

paradigm measuring sustained attention 

3. Stroop Neuropsychological Screening Test (Stroop) measuring executive 

function  

Testing took approximately 30 minutes to complete. Full details on the psychometric 

properties and the standardised administration of each cognitive test is outlined in 

Chapter 2, Section 2.5.2 – 2.5.8. 

 

5.4 Intervention 

There was a washout period of at least one week between the experimental exercise 

conditions. Details of both exercise conditions can be found in Chapter 2 Methodology. 

 

5.4.1 Condition A: Short duration high intensity 

Condition A involved a short bout of high intensity aerobic exercise. High (maximal) 

intensity exercise is typically defined as exercise above 85% of VO2max during which 

energy supply is derived from anaerobic energy systems (Norton et al., 2010). See 

Section 2.4.1 for full details.  

 

5.4.2 Condition B: Long duration moderate intensity 

Condition B consisted of a longer bout (45 minutes) of moderate intensity aerobic 

exercise. Moderate intensity exercise is typically defined as exercise at submaximal 

workloads during which energy supply is derived from aerobic energy systems (Norton 

et al., 2010). See section 2.4.2 for full details.  
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5.4.3 Statistical analysis 

SPSS 24 (SPSS Inc; Chicago, IL, USA) was used for analysis with statistical significance 

set at p<0.05. All data are presented as mean ± SD for normally distributed data and 

median ± IQR for non-normally distributed data. Preliminary analyses were performed to 

ensure no violation of the assumptions of normality by visual inspection of histogram and 

Q-Q plots and using Kolmogorov-Smirnov test (p>.05). As the same participants acted 

as their own control (completing condition A and condition B), the following statistical 

approach was used. The difference in BDNF and measures of cognitive performance 

was calculated pre to post exercise condition A and exercise condition B. To compare 

the difference between the two conditions, paired samples t-tests were performed on 

normally distributed data and Wilcoxin signed rank test was used for non-normally 

distributed data.  

 

5.5 Results  

Participants were enrolled from February 25th, 2016 and data collection for this study 

ended on Sept 25th, 2017. A total of 19 participants completed exercise condition A and 

18 participants completed exercise condition B. One participant dropped out of the study 

after completing exercise condition A. Missing data includes missed venepuncture 

(condition A pre exercise) n=1, missing PAL due to refusal to complete (condition A) n=1, 

missing SART due to incomplete / missing data n=1 and invalid Stroop due to colour-

blindness n=1 (both time points). 
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5.5.1 Exercise parameters 

 

Table 5-1 Exercise prescription parameters collected during condition A (short 

bout high intensity) and condition B (long bout moderate intensity).Time for 

condition B was a standardised time of 45 minutes of exercise at the prescribed intensity.  

Exercise parameters 
Condition A 

n=19 

Condition B 

n=18 

Time (minutes:seconds) 10:13 (2:11) 45:00 

Max HR (HRmax) 115 (31) 110 (17) 

Rate of Perceived Exertion (RPE) - 13.4 (1.0) 

Max watts (Wattsmax) 107 (31) - 

Peak lactate (mmol/L) 4.1 (1.5) - 

Lactate change (mmol/L) 2.0 (1.8) - 

Respiratory Exchange Ratio (RER) 1.03 (0.10) - 

 

Exercise condition A was performed for 10 minutes 13 seconds (± 2 minutes 11 seconds) 

with a HRmax of 115 (± 31) and a peak lactate of 4.1 mmol/L (± 1.5). The duration of 

exercise included a 3-minute period of cycling unloaded. Respiratory Exchange Ratio 

(CO2 production/O2 uptake) determined through subjects' breath by breath samples was 

1.03 (± 0.10). Exercise condition B was performed for a standardised time of 45 minutes 

continuous exercise. The mean HRmax was 110 (± 17) and the mean RPE was 13.4 (± 

1.0) across classes (Table 5-1). 

 

5.5.2 Participant characteristics 

Participant demographic and clinical characteristics include the following: age, sex, 

education, Montreal Cognitive Assessment (MoCA) and Body Mass Index (BMI) and 

cardiorespiratory fitness level (VO2max) (Table 5-2). Participants (n=19) had a mean age 

of 72.7 years (± 5.7), marginally more males to females (10 males, 52.63%); and all were 

Caucasian (100%). Participants had high levels of education (13.4 ± 3.7 years) and all 

participants had MoCA scores within the inclusion criteria range of 18-26 with a mean 

score of 21.6 (± 2.6). Participants had a mean BMI of 27.48 kg/m2 (± 4.79) indicating a 

tendency towards being overweight and had low levels of cardiorespiratory (CR) fitness 

(VO2max) with a mean VO2max of 19.63ml/kg/min (± 3.57). Based on age and gender 

population norms, 84.2% (n=16) were classed as having very poor CR fitness (< 20th 
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percentile) and the remaining 15.8% (n=3) classed as poor CR fitness (20th-40th 

percentile).  

 

Table 5-2 Baseline participant characteristics Study II. Data are presented as mean 

± SD for normally distributed data and as median ± IQR for non-normally distributed data.  

Variable 

       Aerobic Group 

                  n=19 

Gender (M/F) 10 / 9 

Age (years) 72.7 (5.7) 

Education (years) 13.4 (3.7) 

MoCA 21.6 (2.6) 

BMI (kg/m2) 27.48 (4.79) 

VO2max (mL/kg/min) 19.63 (3.57) 

 

5.5.3 Difference between conditions: BDNF 

sBDNF concentration decreased from 8943.14 pg∙ml− 1 (± 6072.12) to 7735.41 pg∙ml− 1 

(± 4715.08) immediately post high intensity exercise (condition A) and increased from 

1397.53 pg∙ml− 1 (± 624.07) to 1506.55 pg∙ml− 1 (± 388.49) following 45 minutes moderate 

intensity exercise (condition B), however the difference between the groups was not 

significant (z = -1.035, p = 0.30) (Table 5-3). The overall relative change in sBDNF 

concentration was small with a change of -4.58% (± 24.44%) in response to condition A 

and 4.99% (± 48.40%) in response to condition B. 

 

5.5.4 Difference between conditions: cognitive performance 

The change in cognitive test scores between T1 to T2 was calculated and compared 

between the two conditions. Error rate on the PAL task increased slightly in condition A 

from 41.89 (± 17.90) to 44.06 (± 18.35) and also in condition B from 38.06 (± 17.44) to 

39.78 (± 18.64), with no difference between the exercise conditions (t (16) = .533, p = 

0.60). The number of correct responses on the Stroop CWS increased from 67.33 (± 

29.62) to 70.28 (± 34.37) in condition A and decreased from 73.82 (± 29.02) to 67.82 (± 

36.84) in condition B, with no significant difference between the two conditions (z = -

1.446, p = 0.14). SART commission errors remained largely unchanged following both 

exercise conditions (condition A from 2.00 ± 3.00 to 4.00 ± 3.00; condition B from 2.50 ± 

4.00 to 2.50 ± 3.00), with no difference between conditions (t (16) = -.869, p = 0.39). 

Finally, reaction time demonstrated a large degree of variability but decreased in 
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condition A from 146.39ms (± 62.95) to 124.80ms (± 105.30) and increased from 

103.93ms (± 130.07) to 113.26ms (± 97.75) in condition B, with no difference between 

the conditions (t (14) = -.627, p = 0.54). See Table 5-3 for absolute values. 
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Table 5-3 Effects of contrasting aerobic exercise protocols on BDNF and cognitive outcomes.  Data are presented for group A: short bout 

high intensity aerobic exercise and group B: longer bout moderate intensity aerobic exercise. Data is documented as mean ± SD for normally 

distributed data and as median ± IQR for non-normally distributed data. The p-value represents the difference between each condition as 

calculated by pre-post exercise. BDNF: Brain Derived Neurotrophic Factor. PALTEA: Paired Associate Learning Total Errors Adjusted. CWS: 

Colour Word Score. SART: Sustained Attention to Response Task. CE: Commission Errors. RT: Reaction Time. 

Variable T1: Pre-exercise T2: Post Exercise 
Difference  

pre-post exercise 
 

p-value 

BDNF (pg∙ml− 1)         

Condition A 8943.14 (6072.12) 8357.62 (5324.72) -585.51 (3017.42) 0.39  

Condition B 1397.53 (624.07)  1565.55 (452.45)  168.02 (667.57)    

BDNF outliers removed (pg∙ml− 1)         

Condition A 8943.14 (6072.12) 7735.41 (4715.08) -218.64 (4050.35) 0.30  

Condition B 1397.53 (624.07)  1506.55 (388.49)  165.74 (688.04)    

PALTEA         

Condition A 41.89 (17.90) 44.06 (18.35) 2.17 (12.12) 0.60 

Condition B 38.06 (17.44) 39.78 (18.64) 1.72 (15.42)   

Stroop CWS         

Condition A 67.33 (29.62) 70.28 (34.37) 1.50 (16.00) 0.14 

Condition B 73.82 (29.02) 67.82 (36.84) -6.00 (18.82)   

SART CE         

Condition A 2.00 (3.00) 4.00 (3.00) 0.78 (2.81) 0.39 
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Condition B 2.50 (4.00) 2.50 (3.00) 0.06 (2.01)   

SART RT (ms)         

Condition A 146.39 (62.95) 124.80 (105.30) -11.65 (46.24) 0.54 

Condition B 103.93 (130.07) 113.26 (97.75) 5.40 (59.94)   
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5.6 Discussion 

The present study compared the effect of a short bout of high intensity aerobic exercise 

and a long bout moderate intensity exercise on a selection of cognitive tasks and 

evaluated the BDNF response in these contrasting aerobic exercise conditions. In a 

small group of older adults with MCI, no significant difference in sBDNF concentration or 

measures of cognitive performance (visuospatial learning and memory, sustained 

attention and executive function) between these two contrasting acute aerobic exercise 

conditions was observed. Results are equivocal but do not lend support to the hypothesis 

that post exercise BDNF response or cognitive performance is variably affected by 

exercise intensity. 

 

There was no difference in BDNF response regardless of whether exercise was 

performed for a short duration at high intensity or a longer duration at moderate intensity. 

Surprisingly, results showed that in the same group of participants, a short bout of high 

intensity aerobic exercise led to a slight decrease in sBDNF concentration (-4.45% ± 

24.44%) while a long bout moderate intensity exercise marginally increased sBDNF 

concentration (4.99% ± 48.40%). Sustained periods of moderate intensity exercise have 

demonstrated upregulation of BDNF, particularly in healthy young cohorts (Zoladz et al., 

2008, Tsai et al., 2014a). However, the BDNF response following condition A is in 

contrast with the existing literature that supports the upregulation of peripheral BDNF 

following high intensity acute aerobic exercise interventions (Vega et al., 2006, Heyman 

et al., 2012, Coelho et al., 2014). These results should be interpreted with caution as this 

study was potentially underpowered. 

 

In the current study, cognitive performance did not differ significantly between a short 

bout of high intensity aerobic exercise and a longer bout of moderate intensity exercise.  

To date, only a small number of experimental studies have examined moderate and high 

intensity acute exercise paradigms in MCI cohorts and these results have demonstrated 

only modest improvements in selective cognitive tasks. Segal et al. (2012) found 6 

minutes at 70% VO2max (high intensity) on a stationary bicycle significantly elevated 

endogenous norepinephrine and retrogradely enhanced memory performance in a group 

with amnestic MCI (n=23). In another group with amnestic MCI, Tsai et al. (2018) 

demonstrated the upregulation of peripheral BDNF following 30 minutes moderate 

intensity (65-75% Heart Rate Reserve) aerobic exercise (n=25). However, despite the 

BDNF increase, accuracy rate on the Flanker task (executive function) did not change, 

but reaction times did reduce significantly in the aerobic group compared to the control 
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group (Tsai et al., 2018). Within the literature, it has been suggested that high intensity 

exercise using anaerobic metabolism and hypocapnia, can result in constriction of 

cerebral vessels and may adversely affect cognitive performance (Severinghaus and 

Lassen, 1967, Wasserman and Patterson, 1961). While high intensity exercise induces 

greater physiological and psychological stress, the increased cortisol and catecholamine 

release may be beyond the optimal point for cognitive performance, may cause physical 

and psychological fatigue thereby reducing attention resources available for the cognitive 

task (McMorris and Keen, 1994, Covassin et al., 2007, Tomporowski, 2003, Lambourne 

and Tomporowski, 2010, McMorris, 2016).  

 

Participants in the current study had fitness levels of 19.63 mL/kg/min (± 3.57), which is 

categorised as poor or very poor in comparison to population norms. Cardiorespiratory 

(CR) fitness is a known important moderator variable, an essential component of physical 

fitness and is closely related to enhanced cognitive functioning across the lifespan 

(Hillman et al., 2008, McAuley et al., 2013). Throughout the literature, high-fit individuals 

generally show greater levels of cognitive functioning compared to their low-fit 

counterparts, especially in prefrontal cortex-dependent tasks (Guiney and Machado, 

2013). Research has demonstrated greater cognitive benefits from acute exercise in 

individuals with high fitness (Chang et al., 2012, Budde et al., 2012) or highly trained 

older participants relative to those with low-to-moderate levels of fitness or those who 

are untrained (Pesce and Audiffren, 2011, Pesce et al., 2011). However, due to small 

sample size in our study and homogeneity (low cardiorespiratory fitness) of the group, 

we were unable to compare high fit and low fit groups. It is also plausible, given the low 

CR fitness of participants that both exercise conditions may have had a fatiguing effect 

and impaired post exercise cognitive performance.  

 

The cognitive outcomes in the present study measured visual learning and memory 

(hippocampal dependant memory task), sustained attention and executive function (both 

components of executive control), which are all considered complex higher level 

cognitive processes.  Results indicate that selective components of higher level cognitive 

processes do not demonstrate immediate post exercise change in an MCI cohort. 

Research suggests that specific cognitive domains are amenable to acute exercise 

change and studies of acute exercise in healthy younger cohorts have predominantly 

measured prefrontal cortex-dependent functions, such as information processing, 

reaction time, attention, crystalized intelligence, executive functioning, and memory 

(Chang et al., 2012, Loprinzi and Kane, 2015), although not all prefrontal cortex-

dependent tasks have consistently shown improvements by acute exercise (Nanda et 
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al., 2013). Across experimental studies, cognitive performance at rest versus cognitive 

performance after high intensity or moderate intensity has produced inconsistent results 

and studies have reported both the positive and negative effects of acute exercise on 

cognitive performance results (Griffin et al., 2011, Ferris et al., 2007, Winter et al., 2007, 

Labban and Etnier, 2011, Coles and Tomporowski, 2008, Hwang et al., 2016, Kao et al., 

2017) while others report negligible or no effects (Lambourne, 2012, McMorris and Hale, 

2012). Results in a number of these studies have been limited to lower-level cognitive 

performance tasks, and hence, may not apply to higher-order processes such as 

executive control or memory tasks. Dietrich and Audiffren (2011) suggest that exercise 

may lead to decreases in cognitive function during more cognitively demanding tasks. It 

has been further suggested that lower level cognitive tasks can produce measurable 

cognitive change in response to acute exercise and that high-level cognitive tasks 

particularly hippocampal-dependent cognition, may require structural adaptive brain 

changes that are accrued from chronic exercise (Basso and Suzuki, 2017, Basso et al., 

2015).  

5.7 Conclusion 

This study did not establish measurable differences in cognitive performance or BDNF 

concentration when two contrasting acute aerobic exercise conditions (short bout high 

intensity vs long bout moderate intensity) were compared. Based on the paucity of 

evidence supporting the role of acute exercise in enhancing cognitive performance in 

MCI cohorts, limited conclusions can be drawn and further research addressing the 

methodological limitations of the current study is warranted.  
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6 Chapter 6: Study III: An investigation of two distinct acute 

exercise paradigms on serum brain derived neurotrophic 

factor concentration and cognitive performance in mild 

cognitive impairment 

6.1 Introduction 

Acute exercise paradigms vary in the modality, intensity and duration of exercise, with 

the majority of existing research surrounding the acute exercise-cognitive relationship 

investigating changes in cognitive performance after an acute bout of aerobic exercise. 

Similarly, the vast majority of studies examining the effect of acute exercise on blood 

concentrations of BDNF have focused on aerobic activity (Dinoff et al., 2017). Within the 

literature, there is a paucity of acute exercise studies in MCI cohorts and this study was 

designed to add to the small body of existing research in this population, to help establish 

the relevance of acute exercise.  

 

The exercise paradigms in the current study represented two distinct exercise modalities 

characterised by different physiological demands and response (cardiovascular, 

musculoskeletal, metabolic). Given the limited research on exercise modes, this study 

examined the effect of a single bout of 45-minutes of moderate intensity aerobic exercise 

(AT) compared to 45-minutes balance and toning (BAT) exercise on serum BDNF 

(sBDNF) concentration and cognitive performance in a group of largely sedentary, low 

fit individuals with MCI. The testing was performed during week one of a one year 

structured exercise intervention, thereby minimising any potential training effects. Based 

on the existing research that supports acute moderate intensity aerobic exercise, it was 

predicted that a greater upregulation of BDNF and improved cognitive performance 

would be observed in the AT group compared to the BAT (active control) group. 

 

6.2 Aims and objectives 

The aim of the current study was to investigate the effect of two distinct acute exercise 

modalities on sBDNF concentration and cognitive performance (visuospatial learning 

and memory, sustained attention and executive function) in individuals with MCI. The 

change in sBDNF concentration and cognitive performance pre-post a single session of 

exercise was compared between both groups (moderate intensity AT versus non-aerobic 

BAT). The specific objectives were: 
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• To examine change in sBDNF concentration in an MCI cohort and to compare 

the change in sBDNF concentration pre-post acute exercise between two distinct 

exercise conditions 

• To explore pre-post acute exercise change in cognitive performance (visuospatial 

learning and memory, sustained attention and executive function) in an MCI 

cohort and to compare the change in cognitive performance between two distinct 

exercise conditions 

 

6.3 Methods 

6.3.1 Participant recruitment 

Participant recruitment, diagnostic, inclusion and exclusion criteria to all studies 

presented in this thesis is described in Chapter 2, Section 2.3.2 – 2.3.5. The participants 

in the current study represent those randomised to the structured one year AT 

intervention or equivalent BAT (non-aerobic) intervention groups of the NeuroExercise 

study.  

 

6.3.2 Study design 

Participants were randomised to either a 48-week AT intervention (n=19) or BAT (non-

aerobic) (n=22) equivalent following baseline assessment. This experimental study had 

a pre-post-test design with measurements taking place during week one of a one year 

structured exercise intervention to minimise the potential of any training effects accrued 

over time. Resting blood sampling and cognitive testing were completed (outlined in 

detail in Chapter 2, Section 2.5), followed an immediate post exercise repeated measure 

of blood sampling (0-10 minutes of completed exercise) and cognitive testing (See Figure 

6:1). 
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Figure 6:1 Study design showing study outcome measures and intervention in 

Study III 

6.3.3 Outcomes 

6.3.4 Blood sampling 

Blood samples were collected pre exercise and within 0-10 minutes post each exercise 

condition. The procedure is outlined in Chapter 2, Section 2.5.1 – 2.5.3. 

 

6.3.5 Cognitive performance 

Following blood sampling, cognitive measures were administered pre and post both 

exercise conditions. These included: 

1. CANTAB Paired Associate Learning (PAL) task, a measure of visuospatial 

learning and memory.  

2. Sustained Attention to Response Task (SART), a computerised Go-No-Go 

paradigm measuring sustained attention 

3. Stroop Neuropsychological Screening Test (Stroop) measuring executive 

function  

Testing took approximately 30 minutes to complete. Full details on the psychometric 

properties and the standardised administration of each cognitive test is outlined in 

Chapter 2, Section 2.5.5 – 2.5.8. 

 

6.3.6 Exercise conditions 

A standardised 45-minute duration of exercise was applied in both conditions, with 

intensity and modality of exercise manipulated. The AT condition consisted of a 45-
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minute bout of moderate intensity exercise. The BAT condition completed 45 minutes of 

largely non-aerobic activities. Both exercise conditions are outlined in detail in Chapter 

2, Section 2.4.2 and 2.4.3. 

 

6.3.7 Statistical analysis 

SPSS 24 (SPSS Inc; Chicago, IL, USA) was used for analysis with statistical significance 

set at p<0.05. All data are presented as mean ± SD for normally distributed data and 

median ± IQR for non-normally distributed data. Preliminary analyses were performed to 

ensure no violation of the assumptions of normality using Kolmogorov-Smirnov test 

(p>.05). Visual inspection of Q-Q plot (to look for systematic deviations) and histogram 

was performed (to examine skew). Baseline values for all variables were compared 

between the two groups using an Independent samples t-test for normally distributed 

data and using a Mann-Whitney U Test for non-normally distributed data. The difference 

in BDNF and cognitive performance scores from pre to post exercise was calculated in 

both exercise groups. Between group differences were analysed using an Independent 

samples t-test for normally distributed data and using a Mann-Whitney U Test for non-

normally distributed data. Pearson product-moment correlation coefficient (r) and 

Spearman Rank Order Correlation (rho) were used as appropriate to identify correlations 

between study variables with BDNF concentrations. 

 

6.4 Results   

Two participants dropped out of the NeuroExercise study after baseline assessment and 

randomisation, n=1 from the AT group and n=1 from the BAT group. Missing data 

includes n=4 Stroop tests (n=2 invalid for colour-blindness, n=1 from AT and n=1 BAT 

with a further n=2 participants refusing to complete the Stroop task from BAT group). All 

other measures collected were complete. 

 

6.4.1 Participant characteristics 

Participant demographic and clinical characteristics collected prior to completing 

exercise condition A included the following: age, sex, education, Montreal Cognitive 

Assessment (MoCA) and Body Mass Index (BMI) and fitness level (VO2max) (Table 6-

1). Participants (n=41) had a mean age of 71.4 years (± 5.9), marginally more males (23 

males, 56.1%); and all were Caucasian (100%). Participants has a tendency towards 

higher levels of education (13.32 ± 3.65 years) and all participants had MoCA scores 

within the inclusion criteria range of 18-26, with a mean score of 21.98 (± 2.52). 



104 

 

Participants had a mean BMI of 27.49 kg/m2 (± 4.70) and low levels of cardiorespiratory 

fitness (VO2max 19.63 ± 5.56 mL/kg/min). There were no significant between group 

differences in baseline characteristics. 

 

Table 6-1 Baseline participant characteristics Study III. Data are presented as mean 

± SD for normally distributed data and as median ± IQR for non-normally distributed data. 

Note statistical significance; *p < .05 

Variable 

       

         AT n=19              BAT n=22  p-value 

Gender (M/F) 10/9 13/9 0.32 

Age (years) 72.42 (5.74) 70.55 (6.18) 0.68 

Education (years) 13.42 (3.74) 13.23 (3.66) 0.86 

MoCA 21.63 (2.67) 22.27 (2.41) 0.42 

BMI (kg/m2) 27.48 (4.79) 27.49 (4.74) 0.99 

VO2max (mL/kg/min) 19.63 (3.57) 19.62 (6.92) 0.99 

 

Baseline BDNF concentrations and all measures of cognitive performance were 

comparable between groups (Table 6-2). 

 

Table 6-2 Baseline study variables Study III. Data are presented as mean ± SD for 

normally distributed data and as median ± IQR for non-normally distributed data. Note 

statistical significance; *p < .05. BDNF: Brain Derived Neurotrophic Factor. PALTEA: 

Paired Associate Learning Total Errors Adjusted. CWS: Colour Word Score. SART: 

Sustained Attention to Response Task. CE: Commission Errors. RT: Reaction Time. 

Variable AT n=19 BAT n=22 p-value 

BDNF (pg∙ml−1) 1397.53 (624.07) 1323.75 (539.14) 0.69 

BDNF outliers excl. 1340.81 (593.53) 1261.51 (469.40) 0.65 

PALTEA 38.06 (17.44) 36.52 (17.72) 0.74 

Stroop CWS 73.82 (29.02) 75.60 (31.14) 0.85 

SART CE 2.5 (4) 2 (3) 0.74 

SART RT (ms) 103.93 (130.07) 137.05 (66.89) 0.28 
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6.4.2 Brain Derived Neurotrophic Factor 

sBDNF concentration increased by 165.74 pg∙ml−1 (± 688.04) in the AT group and 

decreased by -115.64 pg∙ml−1 (± 350.73) in the BAT (control) group. This represented a 

50.3% (± 119.72%) increase from baseline in the AT group and a -3.8% (± 31.13%) 

decrease in the BAT group. However, changes in BDNF concentration pre-post exercise 

was not significantly different between groups, t (23) = 1.51, p = .14 (Table 6-3). 

 

At baseline, BDNF did not correlate with visuospatial learning and memory (rho = .23, p 

= .16), executive function (r = -.183, p = .29) or sustained attention (rho = -.15, p = .37).  

Baseline serum BNDF concentration was similar for male (M = 1280.59 ± 470.77) and 

female (M = 1326.45 ± 619.33) participants (p = .80) and change pre-post exercise in 

the AT group did not differ significantly between males (mean change 303.91 pg∙ml−1 ± 

734..47) and females (mean change -31.65 pg∙ml−1 ± 613.16), t (15) = .98, p = .33. 

 

6.4.3 Cognitive performance 

The number of errors (PALTEA) on the visuospatial learning and memory task increased 

in the AT group (mean change= 1.72 ± 15.42) and decreased in the BAT group (mean 

change = -4.19 ± 11.27), with no significant difference between the groups (t (37) = -

1.38, p = .17, mean difference = -5.91, 95% CI: -14.59 – 2.77). Following exercise, the 

AT group made fewer correct responses on the Stroop CWS (mean change = -6.00 ± 

18.82), while the BAT group made a higher number of correct responses (mean change 

= 4.39 ± 17.49). Again, the changes on this executive function task did not differ 

significantly between groups (t (33) = -1.69, p = .10, mean difference = -10.38, 95% CI: 

-22.87 – 2.09). There was no observable change in commission error rate on the 

sustained attention task (AT: mean change = 0.06 ± 2.01, BAT: mean change = 0.33 ± 

2.35, t (37) = -.39, p = .69, mean difference = -.27, 95% CI: -1.71– 1.15), with no 

significant difference between groups (t (37) = -.39, p = .69, mean difference = -.27, 95% 

CI: -1.71– 1.15). Finally, reaction time on the sustained attention task increased in both 

the AT (AT: median change = 0.53 ms ± 44.48 ms) and BAT group (median change = 

4.12 ms ± 32.60ms) following exercise, with no difference between the groups (U = 

182.00, z = .06, p = .96, r=0.009). See Table 6-3 for absolute values.
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Table 6-3 Between group differences in study variable at T1 and T2 time points. Data are presented for the AT and BAT group as mean ± 

SD for normally distributed data and as median ± IQR for non-normally distributed data. Note p-value represents within group differences with 

statistical significance; *p < .05. BDNF: AT: Aerobic training. SAT: Stretching and toning. BDNF: Brain Derived Neurotrophic Factor. PALTEA: 

Paired Associate Learning Total Errors Adjusted. CWS: Colour Word Score. SART: Sustained Attention to Response Task. CE: Commission 

Errors. RT: Reaction Time 

Variable T1: Pre-exercise T2: Post Exercise Within Group Change 
Between Group Analysis 

p-value 

BDNF (pg∙ml−1)         

                                      AT                                   1397.53 (624.07) 1565.55 (452.45) 168.02 (667.57) 0.06  

BAT  1323.75 (539.14)  1108.79 (457.81) -209.75 (541.91)    

BDNF outliers removed         

(pg∙ml−1)                      AT 1340.81 (593.53) 1506.55 (388.49) 165.74 (688.04) 0.14  

BAT  1261.51 (469.40)  1137.11 (451.33)  -115.64 (350.73)   

PALTEA         

AT 38.06 (17.44) 39.78 (18.46) 1.72 (15.42) 0.17 

BAT 36.52 (17.72) 32.33 (16.96) -4.19 (11.27)   

Stroop CWS         

AT 73.82 (29.02) 67.82 (36.84) -6.00 (18.82) 0.10 

BAT 75.60 (31.14) 83.06 (21.77) 4.39 (17.49)   

SART CE         

AT 2.5 (4) 2.5 (3) 0.06 (2.01) 0.69 

BAT 2 (3) 3 (3) 0.33 (2.35)   
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SART RT (ms)         

AT 103.93 (130.07) 113.26 (97.75) 0.53 (44.48) 0.96 

BAT 134.83 (66.89) 114.10 (69.95) 4.12 (32.60)   
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6.5 Discussion 

The present study compared the effect of two distinct acute exercise modalities of 

equivalent duration on sBDNF concentration and cognitive performance in older adults 

with MCI. This study examined an aerobic exercise dose (45 minutes moderate intensity) 

commonly recommended within national and international physical activity guidelines 

(Health and Children, 2009, World Health Organization, 2010), which has applicability to 

the wider population. Furthermore, BDNF was investigated as a potential mechanism 

underlying the association between acute aerobic exercise and cognitive performance. 

The results revealed no significant difference pre-post exercise in sBDNF concentration 

or measures of visuospatial learning and memory, sustained attention or executive 

function in the AT group compared to the BAT group.  

 

While not significantly different between groups, results demonstrated an exercise 

induced increase in sBDNF concentration in the AT group (50.3% ± 119.72% change 

relative from baseline) and a minor decrease in the BAT group (-3.8% ± 31.13% change 

relative from baseline). Studies have reported significant increases in peripheral BDNF 

following acute moderate intensity exercise across a range of neurological and 

psychiatric disorders including stroke (Morais et al., 2018), depression (Laske et al., 

2010), Parkinson’s disease (Zoladz et al., 2014) and multiple sclerosis (Gold et al., 

2003), suggesting that this trophic factor has capacity to increase following exercise 

despite the presence of neurodegenerative or psychiatric disease.  Existing literature 

broadly supports changes in BDNF as a function of both moderate and high intensity 

acute exercise in healthy populations (Ferris et al., 2007, Griffin et al., 2011, Skriver et 

al., 2014, Tonoli et al., 2015, Winter et al., 2007, Tsai et al., 2014a). In a group of healthy 

adult males, Schmolesky et al. (2013) et al found a 32% increase in peripheral BDNF 

relative to baseline across four exercise groups (moderate or high intensity exercise for 

20 or 40 minutes). In this study, 40 minutes of moderate intensity cycling resulted in a 

30.16% (± 76.11%) increase in BDNF concentration. Similar results were reported by 

Etnier et al. (2016) who found that BDNF did not change in the expected dose-response 

relative to exercise intensity. Results indicated that three conditions of varying intensity 

resulted in similar relative change in BDNF concentration following acute exercise 

(VO2max: 43% increase; ventilatory threshold +20%: 48% increase; ventilatory threshold 

-20%: 37% increase). While the upregulation of BDNF following moderate and high 

intensity exercise is well supported in the literature (Saucedo Marquez et al., 2015, 

Morais et al., 2018), limited evidence supports low intensity exercise as an effective 
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strategy to augment BDNF (McDonnell et al., 2017, Jeon and Ha, 2017). In agreement 

with this, BDNF concentration was largely unchanged in response to acute BAT exercise 

in the current study. 

 

Interestingly, similar to previous studies in this thesis, acute exercise did not demonstrate 

measurable change in cognitive performance. Despite the increase in BDNF within the 

AT group, performance appeared to decline on a visuospatial learning and memory and 

executive function task. In contrast, despite a slight decrease in BDNF in the BAT group, 

marginal improvements on the visuospatial learning and memory and executive function 

task were noted. This observation leads to questions regarding the reliability and validity 

of BDNF as a marker of cognition. At baseline, sBDNF concentration did not correlate 

with visuospatial learning and memory, executive function or sustained attention. Within 

existing literature, little is known about the association of peripheral BDNF levels with 

cognition. Some authors have suggested peripheral BDNF as a novel marker for 

impaired memory and general cognitive function across general and clinical populations 

(Komulainen et al., 2008, Levada et al., 2016, Vinogradov et al., 2009), while other have 

questioned the reliability of this as a potential cognitive biomarker (Driscoll et al., 2012, 

Penadés et al., 2018, Luan et al., 2017). However, it must be noted that this study was 

underpowered and considered exploratory in nature. Questions remain regarding the 

interaction between acute and chronic exercise paradigms relative to BDNF and 

cognitive performance. These questions will be answered in subsequent chapters within 

this thesis (Study IV and V, Chapter 7 and 8). 

 

6.6 Conclusion 

In conclusion, moderate intensity aerobic exercise upregulates BDNF, but the change 

pre to post exercise did not differ significantly in an aerobic exercise group compared to 

a non-aerobic exercise group. Acute aerobic exercise performed for 45 minutes did not 

lead to any measurable cognitive change in an MCI cohort. 
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7 Chapter 7: Study IV: The impact of acute and chronic 

exercise on serum brain derived neurotrophic factor 

concentration and cognitive performance following 6 and 12 

weeks of structured exercise training in mild cognitive 

impairment 

7.1 Introduction 

The large number of studies assessing the impact of exercise on peripheral BDNF 

circulation indicates the importance of this topic. Reviews on the effect of exercise on 

basal BDNF concentrations in human subjects have generally reported a transient 

increase in peripheral BDNF after acute aerobic exercise (Knaepen et al., 2010, Pilc, 

2010, Huang et al., 2014, Dinoff et al., 2017).  Szuhany et al. (2015) found a moderate 

effect size for increases in BDNF following acute exercise and a small yet significant 

increase in resting BDNF concentrations after chronic exercise training. While the effect 

of acute exercise on peripheral blood BDNF concentrations appears to be consistent, 

collectively results highlight the need for further research to establish the relationship 

between chronic exercise training and resting concentrations of BDNF. 

 

The neuroprotective effects accruing from exercise may be the result of endogenous 

neurotrophic and nerve growth factors, as well as the proliferation of the receptive 

cholinergic neurons associated with cognitive performance (Ang et al., 2003). Yet within 

the literature, some ambiguity remains regarding the effect of chronic aerobic exercise 

training on basal circulating levels of BDNF, with some studies suggesting increased 

cardiorespiratory (CR) fitness levels in response to aerobic training leads to increased 

basal BDNF concentration, while others have demonstrated an inverse relationship or 

no association (Voss et al., 2011). Relatively brief periods of aerobic training have 

demonstrated effectiveness at modulating BDNF in both healthy young and clinical 

populations, increasing its expression at rest (Pereira et al., 2013, Dinoff et al., 2016), as 

well the magnitude of the effect of an acute exercise bout (Tomporowski, 2003, Dinoff et 

al., 2017, Szuhany et al., 2015).   

 

A very limited number of studies have examined the interaction between acute and 

chronic exercise, BDNF and cognitive performance in MCI. Results highlight the need 

for research into the conditional effects of chronic exercise on basal BDNF concentration 

and on acute exercise BDNF response. Due to the transient nature of BDNF, there is a 

need to observe how BDNF responds within the context of structured exercise training 

and to examine the influence of BDNF relative to cognitive performance over time. The 
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current study hypothesised that an aerobic exercise (AT) intervention group would 

demonstrate an increase in basal BDNF concentration and cognitive performance over 

a 12-week period compared to a balance and toning (BAT) group. It was also predicted 

that magnitude of change in BNDF in response to acute exercise would increase over 

time in the AT group in response to training adaptations accrued over time. 

 

7.2 Aims and objectives 

The aim of the current study was to examine whether 12 weeks of structured aerobic 

training had an aggregated effect on resting sBDNF concentration and measures of 

cognitive performance in an AT and BAT group.  The secondary aim was to explore 

whether chronic aerobic training leads to a greater magnitude of BDNF and cognitive 

change (pre-post exercise) following an acute bout of exercise. The specific objectives 

were: 

• To measure the effect of a 12-week structured exercise intervention (AT versus 

BAT) on resting serum BDNF concentration and cognitive performance 

(visuospatial learning and memory, sustained attention and executive function) 

and compare between an AT and BAT group 

• To explore the BDNF and cognitive response (pre-post) to acute exercise (AT 

versus BAT) during week 1, 6 and 12 during a 12-week period of structured and 

supervised AT and BAT exercise training 

 

7.3 Methods 

7.3.1 Participant recruitment 

Participant recruitment, diagnostic, inclusion and exclusion criteria to all studies 

presented in this thesis is described in Chapter 2, Section 2.3.2 – 2.3.5. The participants 

in the current study represent those randomised to the structured one-year AT or 

equivalent BAT intervention group of the NeuroExercise study.  

 

7.3.2 Study design 

This experimental study has a pre-post-test design with measurements taking place pre 

and post a supervised exercise class during week 1, 6 and 12 of the intervention. As 

described in Chapter 2, Section 2.3.6, following baseline assessment, participants were 

randomised to either a 48-week AT (n=19) or BAT (n=22) equivalent. During week 1, 6 

and 12 of exercise training, participants completed pre exercise (resting) blood sampling 
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and cognitive testing (outlined in detail in Chapter 2 Section 2.5). Participants repeated 

measures of blood sampling (0-10 minutes post completed exercise) and cognitive 

testing (See Figure 7:1). 

 

 

Figure 7:1 Study design outlining study outcomes measures and intervention in 

Study IV 

 

Outcomes 

7.3.3 Blood sampling 

Blood samples were collected pre exercise and between 0-10 minutes post the exercise 

condition. The procedure is outlined in Chapter 2, Section 2.5.1 – 2.5.3. 

 

7.3.4 Cognitive performance 

Following blood sampling, cognitive measures were administered pre and post both 

exercise conditions. These included: 

1. CANTAB Paired Associate Learning (PAL) task, a measure of visuospatial 

learning and memory.  

2. Sustained Attention to Response Task (SART), a computerised Go-No-Go 

paradigm measuring sustained attention 

3. Stroop Neuropsychological Screening Test (Stroop) measuring executive 

function  

Testing took approximately 30 minutes to complete. Full details on the psychometric 

properties and the standardised administration of each cognitive test is outlined in 

Chapter 2, Section 2.5.5 – 2.5.8. 
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7.3.5 Intervention 

Both exercise conditions (AT and BAT) have been previously described in detail in 

Chapter 2, Section 2.4.2 and 2.4.3. To summarise, the aim of the exercise intervention 

was to complete 3 x 45-minute exercise sessions per week. The intervention schedule 

comprised of supervised twice weekly classes for 8 weeks and once weekly thereafter. 

Participants completed unsupervised exercise sessions at home as instructed by the 

study exercise trainer. Participants were instructed to record unsupervised sessions 

using a home exercise diary. This information was collected and logged by the study 

exercise trainer each week at the supervised exercise session. 

 

7.3.6 Statistical analysis 

SPSS 24 (SPSS Inc; Chicago, IL, USA) was used for analysis with statistical significance 

set at p<0.05. All data are presented as mean ± Standard Deviation (SD) for normally 

distributed data and median ± Interquartile Range (IQR) for non-normally distributed 

data. Preliminary analyses were performed to ensure no violation of the assumptions of 

normality using Kolmogorov-Smirnov test (p>.05). Visual inspection of Q-Q plot (to look 

for systematic deviations) and histogram was performed (to examine skew). Baseline 

values for all variables were compared between the two groups using an Independent 

samples t-test for normally distributed data and using a Mann-Whitney U Test for non-

normally distributed data. Statistical analysis examined whether participation in regular 

exercise had an effect on basal BDNF concentration and resting measures of cognitive 

performance, and if there was any significant difference between the groups over the 12-

week training period. To examine the aggregated effect chronic exercise has on the 

acute exercise change in study outcomes, the change in peripheral BDNF concentration 

and cognitive performance pre-post a single bout of exercise during week 1, 6 and 12 of 

exercise training was calculated and compared between exercise groups (AT v BAT). 

For all study variables, change over time was measured using a repeated measure 

analysis of variance (ANOVA) test (factor group x time interaction) for normally 

distributed data and using a Friedman’s Test for non-normally distributed data.  

 

7.4 Results   

7.4.1 Adherence to exercise intervention 

Four participants dropped out of the AT group during the 12-week intervention period 

(n=2 transport issues, n=2 not interested). Three participants dropped out of the BAT 

intervention (n=1 transport issue, n=1 orthopaedic surgery, n=1 progression of cognitive 
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impairment with associated difficulty remembering class schedule). Adherence in the 

exercise intervention (total number of exercise sessions = number of supervised plus 

number of unsupervised sessions), including dropouts was 63.9% in the AT group and 

70.4% in the BAT group. Adherence to the unsupervised home sessions was lower with 

56.9% compliance in the AT group and 46.5% in the BAT group. This represents an 

overall group adherence of 60.8% in the AT group and 59.8% in the BAT group. 

 

7.4.2 Participant characteristics 

Participant demographic and clinical characteristics collected prior to completing 

exercise condition A included the following: age, sex, education, Montreal Cognitive 

Assessment (MoCA), Body Mass Index (BMI) and CR fitness level (VO2max) (Table 7-

1). Participants (n=41) had a mean age of 71.4 years (± 5.9), marginally more males to 

females (23 males, 56.1%); and all were Caucasian (100%). Participants has a tendency 

towards higher levels of education (13.3 ± 3.6 years) and all participants had MoCA 

scores within the inclusion criteria range of 18-26 with a mean score of 21.98 (± 2.52). 

Participants had a mean BMI of 27.49 kg/m2 (± 4.70) and low levels of CR fitness 

(VO2max) were prevalent throughout the groups with a mean VO2max of 19.63 

mL/kg/min (± 5.56 mL/kg/min). There was no significant between group differences in 

baseline participant characteristics. Groups were comparable for baseline BDNF 

concentrations and measures of cognitive performance.  
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Table 7-1 Baseline participant characteristics and study variables Study IV. Data 

are presented as mean ± SD for normally distributed data and as median ± IQR for non-

normally distributed data. Note statistical significance; *p < .05. MoCA: Montreal 

Cognitive Assessment. BMI: Body Mass Index. VO2max: maximal oxygen uptake. BDNF: 

Brain Derived Neurotrophic Factor. PALTEA: Paired Associate Learning Total Errors 

Adjusted. Stroop CWS: Stroop Colour Word Score. SART: Sustained Attention to 

Response Task. CE: Commission Errors. RT: Reaction Time. 

Variable AT n=19 BAT n=22 p-value 

Age (years) 72.42 (5.74) 70.55 (6.18) 0.32 

Gender (M/F) 10/9 13/9 0.68 

Education (years) 13.42 (3.74) 13.23 (3.66) 0.86 

MoCA 21.63 (2.67) 22.27 (2.41) 0.42 

BMI (kg/m2) 27.48 (4.79) 27.49 (4.74) 0.99 

VO2max (mL/kg/min) 19.63 (3.57) 19.62 (6.92) 0.99 

BDNF (all) (pg∙ml−1) 1397.53 (624.07) 1323.75 (539.14) 0.69 

BDNF (outliers excl.) (pg∙ml−1) 1340.81 (593.53) 1261.51 (469.40) 0.65 

PALTEA 38.06 (17.44) 36.52 (17.72) 0.74 

Stroop CWS 73.82 (29.02) 75.60 (31.14) 0.85 

SART CE 2.5 (4) 2 (3) 0.74 

SART RT (ms) 103.93 (130.07) 137.05 (66.89) 0.28 

 
 

7.4.3 Brain Derived Neurotropic Factor 

7.4.3.1 The effect of chronic exercise on basal serum BDNF concentration 

Resting basal sBDNF concentration measurement, collected pre exercise at week 1, 6 

and 12, changed significantly over time (Wilks’ Lambda = 0.01, F (2, 19) = 648.99, 

p=0.000) but did not differ between groups over time (Wilks’ Lambda = 0.89, F (2, 19) = 

1.14, p=0.34). Resting values (pre exercise) in both groups increased across the three 

time points with the largest increase in basal sBDNF concentration observed between 

week 1 (AT: 1340.81 ± 593.53 pg∙ml−1, BAT: 1261.51 ± 469.40 pg∙ml−1) and week 6 

(AT: 32464.69 ± 6567.70 pg∙ml−1, BAT: 34418.94 ± 5757.52 pg∙ml−1) of the exercise 

intervention (Table 7-2). 
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Table 7-2 Resting basal serum BDNF concentration during week 1, 6 and 12 of aerobic (AT) and balance and toning (BAT) exercise 

training.  Measurements were collected in a resting state pre exercise during week 1, 6 and 12 of AT and BAT exercise training Data are 

presented as mean ± SD. Note statistical significance;*p<.05. P-values represent data analysed over time (x time) and as a time-by-group 

interaction (time x group). BDNF: Brain Derived Neurotrophic Factor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Variable Week 1 Week 6 Week 12 
 

p-value 
x time 

 
p-value 

time x group 

BDNF  pg∙ml−1                              

AT 
 

1397.53 (624.07) 
 

32462.69 (6567.70) 
 
31091.83 (4789.24) 0.000* 0.75 

BAT 1323.75 (539.14) 33679.80 (6456.59) 30673.57 (3796.79)   
BDNF  
outliers removed  
pg∙ml−1                                 

AT 1340.81 (593.53) 32462.69 (6567.70) 31952.94 (3929.73) 0.000* 0.34 

BAT  1261.51 (469.40)   34418.94 (5757.52) 30673.57 (3796.79)     
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7.4.3.2 The effect of chronic exercise training on the acute exercise BDNF 

response 

A one-way repeated measures ANOVA compared the change observed pre-post acute 

exercise (during week 1, 6 and 12 of the intervention) in sBDNF concentration between 

study groups (Table 7-3). There were consistent increases observed in sBDNF 

concentration pre to post exercise across the three time points in the AT group (mean 

group change pre-post exercise week 1: 165.74 ± 688.04 pg∙ml−1, week 6: 1416.19 ± 

4992.83 pg∙ml−1, week 12: 1493.49 ± 4164.84 pg∙ml−1), with an increase also observed 

in the BAT group at week 12 (mean change pre-post exercise week 1: -115.64 ± 350.73 

pg∙ml−1, week 6: 76.42 ± 4396.77 pg∙ml−1, week 12: 1096.48 ± 3778.57 pg∙ml−1). 

However, despite the observed increase pre-post-acute exercise in the AT group, there 

was no significant difference in sBDNF concentration change over time (Wilks’ Lambda 

= 0.88, F (2, 17) = 1.14, p=0.34) or between groups over time (Wilks’ Lambda = 0.95, F 

(2, 17) = 0.39, p=0.68).  
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Table 7-3 The change in serum BDNF concentration pre to post an acute bout of aerobic (AT) balance and toning (BAT) exercise during 

week 1, 6 and 12 of chronic exercise training. Resting blood samples were collected pre exercise and immediately post exercise during week 

1, 6 and 12 of a chronic exercise training. The change in BDNF was calculated by subtracting resting values from post exercise values at each 

time point. Statistical analysis was performed on the change value to establish if the magnitude of acute exercise BDNF change increased in 

response to chronic exercise training. Data are presented as mean ± SD for normally distributed data and as median ± IQR for non-normally 

distributed data. Note statistical significance; *p < .05.  P-values represent data analysed over time (x time) and as a time-by-group interaction 

(time x group). BDNF: Brain Derived Neurotrophic Factor.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Variable Week 1 Week 6 Week 12 

 
p-value 

difference  
x time 

 
p-value 

difference  
time x group 

BDNF  pg∙ml−1                              

AT 
 

168.02 (667.57) 

 
 

1416.19 (4992.83) 

 
 

1410.30 (3960.73) 0.53 0.77 

BAT -209.75 (541.91) 
 

168.28 (4291.61) 
 

1096.48 (3778.57)   
BDNF  
outliers removed  
pg∙ml−1                                 

AT 165.74 (688.04) 
 

1416.19 (4992.83) 
 

1493.49 (4164.84) 0.34 0.68 

BAT -115.64 (350.73) 
 

76.42 (4396.77) 
 

1096.48 (3778.57)    
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7.4.4 Cognitive performance 

7.4.4.1 The effect of chronic exercise on resting measures of cognitive 

performance  

Pre exercise (resting) cognitive measures during week 1, 6 and 12 were examined to 

establish if there was a change over time in response to chronic exercise training (Table 

7-4). Visuospatial learning and memory performance (PALTEA) remained largely 

unchanged in both groups (PALTEA  AT group week 1: 38.06 ± 17.44, week 6: 38.57 ± 

16.22, week 12: 38.00 ± 18.15 and BAT group week 1: 36.52 ± 17.22, week 6: 32.75 ± 

17.28, week 12: 36.69 ± 17.96),  with no significant change over time (Wilks’ Lambda = 

0.94, F (2, 26) = 0.82, p=0.44) or group x time (Wilks’ Lambda = 0.93, F (2, 26) = 0.93, 

p=0.39). Performance on the executive function (Stroop) task improved in the AT group 

from week 6 (74.15 ± 32.42) to week 12 (81.27 ± 29.73) and improved in the BAT group 

from week 1 (75.60 ± 31.14) to week 6 (83.00 ± 22.40), but showed no significant effect 

for time (Wilks’ Lambda = 0.98, F (2, 21) = 0.16, p=0.84) or group x time (Wilks’ Lambda 

= 0.96, F (2, 21) = 0.36, p=0.70). Sustained attention commission errors remained 

unchanged in both groups (AT group week 1: 2.5 ± 4, week 6: 2 ±4, week 12: 2 ± 2 and 

BAT group week 1: 2 ± 3, week 6: 2 ± 3, week 12: 3 ± 3) and did not show any significant 

change over the 12 week period (commission errors: X2 (2, n=29) = 3.37, p=0.18). 

Reaction time demonstrated variability in change within the AT group (week 1: 103.97 ± 

130.07 ms, week 6: 135.97 ± 208.92 ms, week 12: 104.20 ± 129.67 ms) and marginally 

decreased in the BAT group (week 1: 137.05 ± 126.22ms, week 6: 135.99 ± 68.66ms, 

week 12: 125.13 ± 67.78ms), with no difference over 12 week period (RT: X2 (2, n=29) 

= 2.48, p=0.28). 
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Table 7-4 Resting (pre exercise) cognitive measures during week 1, 6 and 12 of aerobic (AT) and balance and toning (BAT) exercise 

training. Measurements were collected in a resting state pre exercise during week 1, 6 and 12 of AT and BAT exercise training. Data are 

presented as mean ± SD for normally distributed data and as median ± IQR for non-normally distributed data. Note statistical significance; *p < 

.05. P-values represent data analysed over time (x time) and as a time-by-group interaction (time x group). PALTEA: Paired Associate Learning 

Total Errors Adjusted. Stroop CWS: Stroop Colour Word Score. SART: Sustained Attention to Response Task. CE: Commission Errors. RT: 

Reaction Time. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Variable Week 1 Week 6 Week 12 
 

p-value 
 x time 

 
p-value 
x group 

PALTEA      

AT 38.06 (17.44) 38.57 (16.22) 38.00 (18.15) 0.44 0.39 

BAT 36.52 (17.22) 32.75 (17.28) 36.69 (17.96)   

Stroop CWS                              

AT 73.82 (29.02) 74.15 (32.42) 81.27 (29.73) 0.84 0.07 

BAT 75.60 (31.14)  83.00 (22.40)  80.08 (32.68)    

SART CE      

AT 2.50 (4) 2.00 (4) 2.00 (2) 0.18 n/a 

BAT 2.00 (3) 2.00 (3) 2.00 (3)   

SART RT (ms)       

AT 103.93 (130.07) 135.97 (208.92) 104.20 (129.67) 0.92 n/a 

BAT 137.05 (126.22) 135.99 (68.66) 125.13 (67.78)   
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7.4.4.2 The effect of chronic exercise training on the acute exercise cognitive 

response 

A one-way repeated measures ANOVA was performed to compare the change pre-post 

exercise in cognitive measures, between groups during week 1, 6 and 12 of exercise 

training (Table 7-5). There was no significant difference in visuospatial learning and 

memory (PALTEA) for time (Wilks’ Lambda = 0.91, F (2, 26) = 1.14, p=0.33) or group x 

time (Wilks’ Lambda = 0.97, F (2, 26) = 0.34, p=0.71). Interestingly, the BAT group 

showed a reduced error rate on the PAL task pre to post exercise at all three time points 

(mean change pre-post exercise week 1: -4.19 ± 11.27, week 6: -4.30 ± 11.67, week 12: 

-6.50 ± 13.36). This trend was not observed in the AT group whose performance varied 

across the three time points. Similarly, executive function (Stroop) showed no statistically 

significant difference for time (Wilks’ Lambda = 0.96, F (2, 21) = 0.36, p=0.69) or group 

x time (Wilks’ Lambda = 0.96, F (2, 21) = 0.40, p=0.67). Although not consistent across 

all three time points, the AT group increased the number of correct responses on the 

Stroop interference task pre-post exercise during week 6 and 12 (mean change week 6: 

5.92 4.39. ± 12.46, week 12: 2.09 ± 7.67) and the BAT group improved at week 1 and 6 

(mean change week 1: 4.39 ± 17.49, week 6: 1.00 ± 14.58). Finally, no significant 

difference was observed in sustained attention commission errors (X2 (2, n=29) = 2.76, 

p=0.25) or reaction time (X2 (2, n=29) = 0.48, p=0.78) over time. Commission error rate 

on the SART pre-post exercise remained unchanged in response to exercise over the 

12-week period. Reaction time on the SART showed large degrees of variability with no 

trend observed. Absolute values at all time points are presented in Table X. 
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Table 7-5 Change in cognitive measures pre-post an acute bout of aerobic (AT) or balance and toning (BAT) exercise at week 1, 6 and 

12.The change in cognitive performance was calculated by subtracting resting values from post exercise values at each time point. Statistical 

analysis was performed on the change value to establish if the magnitude change in cognitive performance increased in response to chronic 

exercise training. Data are presented as mean ± SD for normally distributed data and as median ± IQR for non-normally distributed data. Note 

statistical significance; *p < .05. P-values represent data analysed over time (x time) and as a time-by-group interaction (time x group).AT: Aerobic 

training. BAT: Stretching and toning. BDNF: Brain Derived Neurotrophic Factor. PALTEA: Paired Associate Learning Total Errors Adjusted. CWS: 

Colour Word Score. SART: Sustained Attention to Response Task. CE: Commission Errors. RT: Reaction Time. 

 

 
Variable Week 1 Week 6 Week 12 

 
p-value 

difference x time 

 
p-value 

difference x group 

PALTEA      

AT 1.72 (15.42) -4.79 (8.31) 1.00 (19.04) 0.33 0.77 

BAT -4.19 (11.27) -4.30 (11.67) -6.50 (13.36)   

Stroop CWS                              

AT -6.00 (18.82) 5.92 (12.46) 2.09 (7.67) 0.69 0.67 

BAT 4.39 (17.49)  1.00 (14.58)  -0.23 (13.65)    

SART CE      

AT 0.50 (3) 0.00 (3) 0.00 (3) 0.25 n/a 

BAT 0.00 (3) -1.00 (4) -1.00 (4)   

SART RT (ms)       

AT 0.53 (44.48) -3.48 (56.61) 0.53 (34.85) 0.79 n/a 

BAT 3.76 (31.60) -3.10 (49.95) 8.55 (35.53)   
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7.5 Discussion 

This study examined whether participation in 12 weeks of structured exercise training 

(AT and BAT exercise) changed resting measures of sBDNF concentration and cognitive 

performance in an MCI cohort. Additionally, the difference in sBDNF and cognitive 

performance pre-post acute exercise was examined during week 1, 6 and 12 of the 

intervention and compared between groups. Results indicate that 6 weeks of moderate 

intensity aerobic or balance and toning exercise performed three times weekly 

significantly increased resting sBDNF concentration in an MCI cohort. However, the 

magnitude of change in BDNF following acute exercise did not differ significantly 

between the two groups across the three time points. Cognitive measures did not change 

in either the resting or pre-post acute exercise values over time. Results offer tentative 

support for both AT and BAT exercise interventions for enhancing the BDNF profile in a 

low fit group of older adults with MCI.  

 

In animal studies, strong evidence supports the role of chronic exercise in upregulating 

BDNF (Van Praag et al., 1999b, Van Praag et al., 2005, Neeper et al., 1995, Gómez-

Pinilla et al., 2002, Vaynman et al., 2004), yet human studies have failed to yield 

evidence of the same strength. In the current study, an increase in basal sBDNF 

concentration was observed over time following participation in regular AT and BAT 

exercise. This increase in resting peripheral BDNF concentration may be reflective of an 

increase in central BDNF production (Karege et al., 2002, Klein et al., 2011, Pan et al., 

1998), although this remains a source of debate (Lanz et al., 2012). Results of the 

present study agree with several chronic exercise intervention studies that suggest 

increases in basal levels of circulating peripheral BDNF concentration following aerobic 

training (Seifert et al., 2009, Zoladz et al., 2008). Seifert et al. (2009) found 3 months of 

endurance aerobic training significantly increased basal BDNF concentration in a group 

of young males compared to a control group, but training did not lead to increases in 

BDNF during exercise. In another group of young healthy males, Zoladz et al. (2008) 

described a significant within group increase in resting plasma BDNF concentration 

following 5 weeks of moderate intensity cycling. However, this has not been a consistent 

finding and a number of chronic aerobic exercise studies have not observed increases 

in basal circulating BDNF levels (Griffin et al., 2011, Schiffer et al., 2009, Baker et al., 

2010c). Schiffer et al. (2009) found no change in basal sBDNF concentration following 

12 weeks of aerobic exercise training in a group of university students (Schiffer et al., 

2009). Similarly, Griffin et al. (2011) reported that 5 weeks of exercise altered the 

temporal profile of the serum BDNF response to acute exercise, but did not have any 
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effect on basal BDNF concentration in a group of healthy young males. Moreover, given 

that studies discussed herein predominantly included young male participants, 

generalisability of these findings to cognitively impaired and female populations across 

the lifespan is limited. 

 

Within MCI cohorts, it has been suggested that chronic aerobic and multimodal type 

exercise interventions can increase BDNF concentration (Nascimento et al., 2014b, 

Baker et al., 2010c). Nascimento et al. (2014b) examined the effect of a 16-week 

multimodal exercise programme in a group of healthy older adults and an MCI group 

(randomised to training group versus control) and found a significant between-subjects 

interaction, indicating a training induced improvement on peripheral BDNF 

concentrations. However, Baker et al. (2010c) reported an increase in peripheral BDNF 

in males and a decrease in women following a 6-month high intensity aerobic exercise 

intervention in an amnestic MCI group, suggesting potential sex differences in the BDNF 

response to chronic exercise. Sex differences in BDNF response to exercise were 

discussed in Chapter 4, Section 4.5. 

 

Despite a difference in exercise mode, intensity and dose delivered, an increase in basal 

BDNF concentrations was observed in both study intervention groups. This unexpected 

finding raises a number of questions. These results suggest that varying modalities of 

exercise can increase basal BDNF concentration although potential moderating factors 

should be considered. Within the literature, differences in basal levels of BDNF are not 

totally unexpected and a number of moderating factors including; age, gender, weight 

status, diurnal fluctuations, diet and disorders of the metabolic or immunological systems 

all have an influence on stored and circulating BDNF levels (Lommatzsch et al., 2005, 

Szuhany et al., 2015). Moreover, in a recent review, exercise interventions consisting of 

aerobic exercise (defined as >50% of the time) demonstrated greater increases in resting 

peripheral BDNF concentration (SMD = 0.66, 95% CI: 0.33–0.99, p < 0.001) than when 

studies including all modalities were combined (Dinoff et al., 2016). Furthermore, in a 

group of older adults with aMCI, significant increases in plasma BDNF levels following 6 

months Tai Chi training compared with controls after adjusting for age and gender 

(Sungkarat et al., 2018), providing tentative evidence that varying modes of exercise 

have the capacity to increase BDNF. These findings provide preliminary evidence that 

multicomponent type training (aerobic, resistance, balance and coordination exercises) 

may also demonstrate an ability to upregulate basal BDNF concentration although further 

research is necessary to explore this. 
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Cognitive performance did not differ significantly within or between the study intervention 

groups over the 12-week period. Despite evidence from studies of human and animal 

subjects that alterations in BDNF concentration may have functional consequences for 

cognition, this was not observed in our study cohort. Piepmeier and Etnier (2015) 

examined correlations between cognition and exercise-induced changes in peripheral 

BDNF and found significant correlations in studies that included a cognitive measure of 

memory performance (Winter et al., 2007, Skriver et al., 2014) but not in other cognitive 

domains (Tsai et al., 2014a, Ferris et al., 2007). An interesting observation in the current 

study was the improved performance on visuospatial learning and memory task in the 

BAT group over time while the AT group demonstrated improved performance on an 

executive function task. 

 

7.6 Conclusion 

An increase in basal BDNF concentration was observed after 6 weeks of aerobic and 

balance and toning exercise intervention in an MCI cohort and this increase was 

sustained at 12 weeks with continued exercise participation. However, chronic exercise 

training did not augment the acute exercise BDNF response. Future studies in humans 

are required to determine whether increases in peripheral concentrations of BDNF reflect 

central BDNF concentrations and establish if changes in peripheral BDNF 

concentrations mediate clinical benefits, such as mood and cognition enhancement. This 

will help establish the clinical relevance of peripheral BDNF as a putative biomarker. 
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8 Chapter 8: Study V: Peripheral brain derived neurotrophic 

factor and episodic memory in mild cognitive impairment: 

results from a one year exercise intervention study  

8.1 Introduction 

Impairment in episodic memory (the ability to learn and retain new information) is 

commonly observed in amnestic MCI. Tasks such as CANTAB Paired Associates 

Learning (PAL) and verbal list learning tasks have been associated with AD biomarkers, 

hippocampal volume reduction and temporal-frontal network dysfunction (de Rover et 

al., 2011, Nathan et al., 2017, Greenaway et al., 2006, Ewers et al., 2012). Episodic 

memory is considered a sensitive factor to discriminate between early and late MCI 

(Aggarwal et al., 2005, Clément et al., 2010).  

 

A number of studies have demonstrated a positive association between BDNF 

concentration and cognitive performance in healthy older adults (Gunstad et al., 2008, 

Komulainen et al., 2008), although this remains a source of much debate. Attenuated 

loss of BDNF has been reported in MCI cohorts compared to elderly controls and this 

has shown to correlate with loss of cognitive function, especially in tests of episodic 

memory (Forlenza et al., 2015, Peng et al., 2005, Yu et al., 2008). However, consensus 

opinion on the role BDNF plays in the pathogenesis of AD and MCI is equivocal. Due to 

conflicting findings, there is no definitive consensus regarding the peripheral BDNF 

profile in neurodegenerative diseases, including MCI populations (Borba et al., 2016).  

 

As MCI represents a prodromal or transitional state between normal age-related 

cognitive decline and clinical AD, possibilities for early diagnosis and potential treatment 

are increasing. The American Academy of Neurology's clinical practice guideline on MCI 

proposes treatment of modifiable risk factors including the recommendation of regular 

exercise. Physical exercise and higher rates of cardiorespiratory (CR) have 

demonstrated an ability to increase hippocampal volume in older adults (Erickson and 

Kramer, 2009a, Erickson et al., 2009) and in MCI populations (ten Brinke et al., 2015, 

Teixeira et al., 2018). Moreover, preliminary correlational evidence has shown that 

peripheral measures of BDNF are associated with hippocampal volume and spatial 

memory in older adult cohorts (Erickson et al., 2010), although this has not been 

investigated in an aMCI cohort.  

 

The relationship between peripheral serum BDNF concentrations with episodic memory 

in individuals with MCI is unclear. With the known potential neuroprotective effects of 
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BDNF, the aim of the current study was to examine resting serum BDNF concentration 

and tests of episodic memory in a group of older adults with amnestic MCI during the 1 

year period of an exercise intervention study. Given the existent literature supporting the 

efficacy of long-term aerobic exercise in increasing peripheral BDNF and hippocampal 

volume, it was anticipated that a difference would be observed between the three study 

intervention groups (Group 1: aerobic exercise (AT); Group 2: non-aerobic balance and 

toning exercise (BAT); Group 3: control group), with the AT group demonstrating an 

improved BDNF profile and improved episodic memory compared to the BAT and control 

group. It was predicted that there would be a difference in CR fitness between the three 

study groups, with the greatest improvement seen in the AT group. 

 

8.2 Aims and objectives 

The aim of this study was to examine serum BDNF concentration and episodic memory 

in a group of older adults with amnestic MCI over a 1-year period and to investigate 

whether there was a difference between three intervention groups (AT v BAT v control). 

The specific objectives were: 

• To examine change in resting peripheral serum BDNF (sBDNF) concentration 

and episodic memory in an amnestic MCI cohort and compare the change in 

resting sBDNF concentration and episodic memory between three study groups 

following a one year intervention 

• To investigate change in CR fitness (VO2max) in an MCI cohort over a one year 

period and explore whether participation in a structured exercise intervention lead 

to changes in CR fitness compared to a control group 

 

8.3 Methods 

8.3.1 Participant recruitment and randomisation 

Participant recruitment, inclusion and exclusion criteria to all studies presented in this 

thesis are described in Chapter 2, Section 2.3.2 – 2.3.5. Following baseline assessment 

(T0), participants were randomised to one of three arms using a centrally controlled 

computer generated randomisation list generated by an independent statistician. 

Participants were randomised to either a 48-week AT (n=19), equivalent BAT 

intervention (n=22) or to the control group (n=21) as part of the NeuroExerise study.  
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8.3.2 Study design 

This interventional study collected measurements at baseline assessment (T0) and one 

year later during the study exit assessment (T1) (Figure 8:1).  

 

 

Figure 8:1 Study design outlining study assessments and intervention groups in 

Study V 

8.3.3 Outcomes 

8.3.4 Blood sampling 

Blood samples were collected in a resting state at both time points. Details on blood 

sampling procedure are outlined in Chapter 2, Section 2.5.1 – 2.5.3.  

8.3.5 Cognitive measures 

8.3.6 Episodic memory 

Objective cognitive impairment typical of prodromal AD was measured using episodic 

memory tests. 

 

CANTAB PAL is an episodic memory computer-based task that assesses visual memory 

and new learning through the testing of conditional learning of pattern-location 

associations (Strauss et al., 2006). Performance measure of the PAL, the PAL Total 

Errors Adjusted (PALTEA), refers to the number of times the subject chose the incorrect 

box for a stimulus on assessment and an adjustment is made for the estimated number 

of errors they would have made on any problems, attempts and recalls they did not reach. 

Therefore, the PALTEA value represents the same level attempted for each subject 
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(Sahakian et al., 1988). As this outcome indicates the number of errors made before the 

completion of the test, a larger score indicates greater difficulty with the task. Procedure 

for the administration of the CANTAB PAL is outlined in detail in Chapter 2, Section 2.5.6.  

 

The Cogstate International Shopping List Test (ISLT) is a verbal word list learning test 

consisting of 3 trials of 12 words and a delayed recall that is administered using a 

computer (Thompson et al., 2011). The participant is not shown the computer screen or 

the words. Items for each administration of the ISLT are selected randomly from a pool 

of 128 words and are presented in the same order across the three trials. Stimuli are 

presented to the test administrator and read aloud at a rate of one word every 2 seconds. 

At the completion of each learning trial, participants are asked to recall any words they 

can remember. Responses are marked by the test administrator on the computer screen. 

A delayed recall trial is also administered after a delay of 10–15 min with participants 

asked to recall as many of the words from the list as they could remember. 

 

ISLT is sensitive to the deterioration in memory that is characteristic of prodromal AD, 

has a standardised test administration and is robust against practice effects (Lim et al., 

2013, Thompson et al., 2011). ISLT performance measures used in the current study 

include: 

1. Total free recall = sum of words recalled on Trials 1–3 with a possible value range 

from 0 to 36 

2. Delayed recall score = number of words recalled after a delay with a possible 

values range from 0 to 12 

 

8.3.7 Global cognition 

The Montreal Cognitive Assessment (MoCA), a 10-minute brief screening instrument for 

the detection of MCI was administered at T0 (version 7.1) and T1 (version 7.3). The 

MoCA assesses multiple cognitive domains including attention, concentration, executive 

functions, memory, language, visuospatial skills, abstraction, calculation and orientation 

(Nasreddine et al., 2005). It is scored out of a maximum of 30 points with a lower score 

indicating poorer cognitive function.  

 

8.3.8 Cardiorespiratory fitness 

A Cardiopulmonary Exercise Test (CPET) was performed on a standard COSMED cycle 

ergometer and progressed according to the WHO protocol to measure CR fitness (VO2 

max) (Fletcher et al., 2001) as described in Chapter 2, Section 2.4.1. 
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8.3.9 Intervention 

The aim of the exercise intervention groups was to complete 3 x 45-minute exercise 

sessions per week over a 48 week period as described in Chapter 2, Section 2.3.6. 

 

8.3.9.1 Aerobic exercise condition 

The AT condition consisted of a 45-minute bout of moderate intensity exercise as 

described in Section 2.4.2. 

 

8.3.9.2 Balance and toning condition 

The BAT group completed 45 minutes of non-aerobic activities as described in Section 

2.4.3. 

 

8.3.9.3 Control group 

The control group did not receive any form of exercise intervention but were invited to 

attend for scheduled study assessments. 

 

8.3.10 Statistical analysis 

SPSS 24 (SPSS Inc; Chicago, IL, USA) was used for analysis with statistical significance 

set at p<0.05. All data are presented as mean ± SD for normally distributed data and 

median ± IQR for non-normally distributed data. Preliminary analyses were performed to 

ensure no violation of the assumptions of normality using Kolmogorov-Smirnov test 

(p>.05).Visual inspection of Q-Q plot (to look for systematic deviations) and histogram 

was performed (to examine skew). Baseline values for all variables were compared 

between the three groups using a one-way Analysis of Variance (ANOVA) for normally 

distributed data and using a Kruskal-Wallis Test for non-normally distributed data.  

 

The difference in BDNF, episodic memory, global cognition and CR fitness from T0 to 

T1 was analysed between the three study groups using a one-way ANOVA for normally 

distributed data and a Kruskal-Wallis test for non-normally distributed data. Change in 

BDNF, episodic memory, global cognition and CR fitness from baseline (T0) to post 

intervention (T1) within each group was examined using a paired samples t-test for 

normally distributed data and a Wilcoxin signed rank test for non-normally distributed 

data. Pearson product-moment correlation coefficient (r) and Spearman Rank Order 
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Correlation (rho) were used as appropriate to identify whether ISLT, PALTEA, MoCA or 

VO2max were associated with BDNF concentrations. 

 

8.4 Results   

Forty-one participants were randomised to an exercise intervention group, n=19 to AT 

and n=22 to BAT exercise. Six participants dropped out of the study during the 

intervention period and did not attend for study assessment at T1, (n=2 from the AT 

group and n=2 from the BAT group and n=2 from the control group). A further five 

participants dropped out of the exercise intervention but attended for study assessment 

at T1 (transport issues or not interested AT n=2 and BAT n=1, active orthopaedic issues 

AT n=1 and BAT n=1). 

 

8.4.1 Adherence to exercise intervention 

The mean adherence to the total number of exercise sessions (number of supervised 

classes and unsupervised home sessions), including those who dropped was 58.5% in 

the aerobic group (61.8 % to the supervised exercise and 56.3% to the unsupervised 

exercise) and 50.2% in the BAT group (64.2% to the supervised exercise and 41.2% to 

the unsupervised exercise). Adherence to the total number of exercise sessions in both 

intervention groups was as follows: > 60% protocol= 51.2%, > 70% protocol 41.4%, > 

80% protocol = 29.2%, >90% protocol = 19.5%. 

 

8.4.2 Participant characteristics 

Participant demographic and clinical characteristics collected at T0 are presented in 

Table 8-1. Participants (n=62) had a mean age of 70.5 years (± 6.3), marginally more 

females to males (n=33 females, 53.2%); and all were Caucasian (100%). Participants 

has a tendency towards higher levels of education (13.2 ± 3.2 years) and all participants 

had MoCA scores within the inclusion criteria range of 18-26 with a mean score of 22.1 

(± 2.5). Participants had a mean BMI of 26.8 kg/m2 (± 4.4) indicating a tendency towards 

being overweight and had low levels of cardiorespiratory fitness (VO2max) with a mean 

VO2max of 19.26 mL/kg/min (± 5.13). There was no significant between group 

differences in baseline participant characteristics; age (p=0.20), gender (p=0.11), 

education (p=0.96), BMI (p=0.26) or method of recruitment. Groups were also 

comparable for baseline sBDNF concentrations (p=0.15), performance on PAL task 

(p=0.13), ISLT total correct (p=0.07), MoCA (p=0.63) and cardiorespiratory fitness 

VO2max (p=0.74). There was a significant difference in baseline ISLT delayed recall 
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across study groups X2 (2, n=61) = 14.42, p=0.001 with the aerobic group (Md 2 ± 4) 

performing worse than the BAT (Md 5 ± 5) and control group (Md 6 ± 5).  

 



133 

 

Table 8-1 Baseline participant characteristics and study variables across the three study groups. Data are presented as mean ± SD for 

normally distributed data and as median ± IQR for non-normally distributed data. Note statistical significance; *p < .05. AT: Aerobic Exercise 

Group. BAT: Balance and Toning Group. C: Community Recruitment. MC: Memory Clinic Recruitment. MoCA: Montreal Cognitive Assessment. 

VO2max: Maximal Oxygen Uptake. BDNF: Brain Derived Neurotrophic Factor. PALTEA: Paired Associate Learning Total Errors Adjusted. ISLT: 

International Shopping List Task.  

 

Variable 
AT group 

n=19 
BAT group 

n=22 
Control group 

n=21 
p-value 

Age (years) 72.4 (5.7) 70.5 (6.1) 68.8 (6.7) 0.20 

Gender (Male / Female) 10 / 9 13 / 9   6 / 15 0.11 

Recruitment (C / MC) 6 / 13 11 / 11 9 / 12 0.48 

Education (years) 13.4 (3.7) 13.2 (3.6) 13.1 (2.3) 0.96 

MoCA 22 (5) 23 (4) 23 (5) 0.63 

VO2max (mL/kg/min) 19.63 (3.57) 19.62 (6.93) 18.54 (4.21) 0.74 

BDNF (all) (pg∙ml− 1) 9636.06 (9657.62) 3699.52 (6185.86) 5510.54 (7499.13) 0.38 

BDNF outliers excl. 9636.06 (9657.62) 3677.04 (4460.05) 4370.47 (5303.29) 0.15 

PALTEA 45.56 (16.50) 42.41 (14.13) 37.76 (11.41) 0.13 

ISLT Total Correct 14.26 (4.08) 18.09 (5.51) 22.55 (3.34) 0.07 

ISLT Delayed Recall 0 (4) 5 (5) 6 (5) 0.001* 
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8.4.3 Recruitment (memory clinic versus community participants) 

There were significant differences in baseline characteristics and study outcomes 

between those recruited through the memory clinic and those recruited from the 

community. Differences were observed in age, MoCA, PAL and ISLT with community 

participants outperforming memory clinic participants (Table 8-2). There was no 

significant difference in the change observed between these groups over the one year 

period. Adherence to the intervention (total number of supervised and unsupervised 

exercise sessions) for memory clinic participants (n=24) was 66.6 classes (± 49.0) and 

93.7 (± 40) for participants recruited from the community (n=17), t (39) =-1.87, p=0.06. 

 

Table 8-2 Overall sample by method of recruitment into study (memory clinic 

versus community recruitment. Overall sample by method of recruitment into study 

(memory clinic versus community recruitment. Measures of age, education, peripheral 

BDNF, cognitive performance and cardiorespiratory fitness for both groups. Data are 

presented as mean ± SD for normally distributed data and as median ± IQR for non-

normally distributed data. Note statistical significance; *p < .05 

Variable  

Memory clinic 
recruitment 

n=36 

Community 
recruitment  

n=26 p-value 

Age (years) 71.9 (5.7) 68.5 (6.6) *0.03 

Education (years) 13.2 (3.3) 13.2 (3.1) 0.98 

BDNF (all) (pg∙ml−1) 4994.84 (10546.99) 5037.57 (6245.55) 0.93 

BDNF outliers excl. 4658.82 (10563.10) 4400.98 (5265.58) 0.55 

MoCA  22 (5) 23 (4)  *0.03 

VO2max (mL/kg/min) 19.11 (3.78) 19.08 (6.02) 0.72 

PALTEA 47 (20) 39.5 (21) *0.008 

ISLT Total correct 16.11 (4.65) 21.60 (5.07) *0.000 

ISLT Delayed recall 3.28 (2.19) 6.88 (3.08) *0.000 

    

 

8.4.4 Change in BDNF, cognitive function and cardiorespiratory fitness  

8.4.5 Brain Derived Neurotrophic Factor 

Resting sBDNF concentration increased from 9636.06 pg∙ml−1 (± 9657.62) to 24051.24 

pg∙ml−1 (± 3972.52) in the AT group (p=0.000), from 3677.04 pg∙ml−1 (± 4460.05) to 

20850.44 pg∙ml−1 (± 8623.01) in the BAT group (p=0.000) and from 4370.47 pg∙ml−1 (± 
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5303.29) to 21295.15 pg∙ml−1 (± 9958.87) in the control group (p=0.000, however there 

was no between group difference (F 2,49 = 0.41, p = 0.66).  

 

8.4.6 Cognitive function 

8.4.6.1 Episodic memory 

Performance on the visuospatial learning and memory (PAL) task improved in both 

intervention groups with a decrease in error rate from 45.56 (± 16.50) to 42.25 (± 20.86) 

in the AT group (p=0.59), a decrease from 42.41 (± 14.13) to 34.65 (± 18.96) in the BAT 

group (p=0.17) and an increased error rate from 37.76 (± 11.41) to 39.22 (± 19.38) in the 

control group (p=0.78), with no between group difference (F 2,51 = 0.76, p = 0.47). 

Performance on the ISLT (total correct and delayed recall) remained largely unchanged 

within all groups. Total correct responses on the ISLT remained static from 14.26 (± 4.08) 

to 14.82 (± 4.34) in the AT group (p=1.00), from 18.09 (± 5.51) to 18.45 (± 6.27) in the 

BAT group (p=0.95) and 22.55 (±3.34) to 21.67 (± 4.17) in the control group (p=0.47), 

with no difference between the three groups (F 2, 52 = 0.17, p=0.84). The ISLT delayed 

recall increased from 0 (± 4) to 1.5 (± 2) in the AT group (p=0.72), remained unchanged 

from 5 (± 5) to 5 (± 5) in the BAT group (p=0.46) and increased from 6 (± 5) to 7.5 (± 5) 

in the control group (p=0.52), with no difference between groups (F 2, 51 = 0.96, p=0.38). 

 

8.4.6.2 Global cognition 

MoCA scores (higher scores indicating better cognition) remained unchanged from 22 

(± 5) to 22 (± 7) in the AT group (p=0.13), decreased from 23 (± 4) to 22 (± 3) in the BAT 

group (p=0.20) and increased from 23 (± 5) to 24 (± 4) in the control group (p=0.27), with 

no between group difference (F 2, 53 = 1.48, p = 0.23). 

 

8.4.7 Cardiorespiratory fitness 

CR fitness (VO2max) increased from 19.63 mL/kg/min (3.57) to 21.35 mL/kg/min (4.33) 

in the AT group (p=0.08), from 19.62 mL/kg/min (6.93) to 20.83 mL/kg/min (5.52) in the 

BAT group (p=0.70) and from 18.54 mL/kg/min (4.21) to 20.22 mL/kg/min (4.91) in the 

control group (p=0.10), however there was no between group difference (F 2, 48 = 0.47, 

p = 0.62). 

 

Absolute values for each group are presented in Table 8-3. 
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Table 8-3 Between group differences in study variables at T0 (baseline) and T1 (one year) time points. Data are presented for the aerobic 

(AT), balance and toning (BAT) and control group as mean ± SD for normally distributed data and as median ± IQR for non-normally distributed 

data. Note p-value represents within group differences with statistical significance; *p < .05. BDNF: Brain Derived Neurotrophic Factor. AT: Aerobic 

training. BAT: Balance and toning. BDNF: PALTEA: Paired Associate Learning Total Errors Adjusted. ISLT: International Shopping List Task. 

MoCA: Montreal Cognitive Assessment.  VO2max: maximal oxygen uptake 

 

Variable T0: Baseline T1: Follow up 
Difference  

T0-T1 

 
p-value 

within group 

 
p-value 

between group 

BDNF  pg∙ml−1                              

AT 9636.06 (9657.62) 24051.24 (3972.52) 12836.09 (9969.90) *0.000 0.84 

BAT 3699.52 (6185.86) 20850.44 (8623.01) 14158.44 (8511.58) *0.000  

Control 5510.54 (7499.13) 21653.62 (11495.20) 13884.73 (12633.01) *0.001  
BDNF outliers removed  
pg∙ml−1                                 

AT 9636.06 (9657.62) 24051.24 (3972.52) 13531.70 (6030.86) *0.000 0.66 

BAT  3677.04 (4460.05)  20850.44 (8623.01)  14600.20 (7845.58) *0.000   

Control 4370.47 (5303.29) 21295.15 (9958.87) 15751.85 (6990.57) *0.000  

PALTEA         

AT 45.56 (16.50) 42.25 (20.86) -2.25 (16.60) 0.59 0.47 

BAT 42.41 (14.13) 34.65 (18.96) -5.95 (18.75) 0.17   

Control 37.76 (11.41) 39.22 (19.38) 1.11 (17.18) 0.78  

ISLT (total correct)      

AT 14.26 (4.08) 14.82 (4.34) 0.00 (3.55) 1.00 0.84 
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BAT 18.09 (5.51) 18.45 (6.27) 0.05 (3.95) 0.95  

Control 22.55 (3.34) 21.67 (4.17) 0.67 (3.91) 0.47  

ISLT (delayed recall)      

AT 0 (4) 1.5 (2) -0.44 (2.68) 0.72 0.38 

BAT 5 (5) 5 (5) -0.30 (2.02) 0.46  

Control 6 (5) 7.5 (5) 0.72 (3.35) 0.52  

MoCA         

AT 22 (5) 22 (7) -0.9 0.13 0.23 

BAT 23 (4) 22 (3) -0.7 0.20   

Control 23 (5) 24 (4) 0.3 0.27  

VO2max (mL/kg/min)                             

AT 19.63 (3.57) 21.35 (4.33) 1.95 (3.88) 0.08 0.62 

BAT 19.62 (6.93) 20.83 (5.52) .50 (5.62) 0.70   

Control 18.54 (4.21) 20.22 (4.91) 1.70 (4.21) 0.10  

      



138 

 

 

8.4.8 Correlation 

There was a significant moderate indirect correlation between episodic memory (ISLT 

total correct and delayed recall) and BDNF concentration at baseline (ISLT total correct: 

rho=-0.30, n=58, p=0.02 and ISLT delayed recall: r=-0.33, n=55, p = 0.01) and between 

ISLT total correct and BDNF concentration at T1 (r=-0.29, n=55, p=0.04).  At baseline, 

BDNF did not correlate with PALTEA (rho = .07, p = .59), MoCA (rho = 0.08, p = .54) or 

VO2max (rho = 0.03, p = .80). 

 

At baseline, CR fitness (VO2max) did not correlate with measures of episodic memory 

(PALTEA: rho= -.04, p = 0.74; ISLT total correct: rho = 0.09, p = 0.46; ISLT delayed 

recall: rho = 0.11, p = 0.38) or global cognition (rho = -.11, p = 0.39). 

 

8.5 Discussion 

This study examined one year change in sBDNF concentration, episodic memory, global 

cognition and cardiorespiratory fitness in an MCI cohort participating in an exercise 

intervention study. Results demonstrated a significant increase in resting sBDNF 

concentration in all study groups over the one year period, with no significant within group 

change observed in cognitive measures. However, there was no difference between 

groups (group 1: AT; group 2: BAT; group 3: control) in change in sBDNF concentration, 

episodic memory, global cognition and VO2max in a group of older adults with MCI.  

 

Resting sBDNF concentration increased significantly over a one year period across all 

groups, adding to the existing body of research that has examined the BDNF profile in 

cognitively impaired cohorts. A number of observational studies have reported higher or 

equivalent levels of serum BDNF in MCI or AD compared to controls (Angelucci et al., 

2010, O'Bryant et al., 2009, Faria et al., 2014, Nagahara et al., 2009). However, 

contrasting findings have been reported in others that reported reduced BDNF levels in 

MCI and AD patients compared to healthy controls (Forlenza et al., 2010, Yasutake et 

al., 2006, Yu et al., 2008, Kim et al., 2015). Given the ambiguity around this topic within 

the literature, no definitive conclusion can be drawn regarding the role of peripheral 

BDNF in MCI pathophysiology. One author has postulated that elevated peripheral 

sBDNF concentration may represent a compensatory repair mechanism in early stages 

of neurodegeneration, with decreasing BDNF according to the severity of the 

neurodegeneration and Aβ amyloid accumulation (Laske et al., 2006). 
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Cognitive measures did not change with 12 months of exercise training. In largely healthy 

young cohorts, studies have suggested higher BDNF levels may positively effect a 

number of cognitive processes with improved performance on spatial (Erickson et al., 

2009), episodic (Egan et al., 2003), recognition (Komulainen et al., 2008, Whiteman et 

al., 2014), and verbal memory tasks (Grassi-Oliveira et al., 2008) as well as better 

hippocampal functioning (Erickson et al., 2012b, Szuhany et al., 2015).  Although BDNF 

can affect hippocampal morphology and function, positive associations with learning and 

memory have not always been found (Stuart et al., 2014, Kim et al., 2015). While the 

theoretical evidence for an interaction between chronic exercise, BDNF and cognitive 

performance is strong, the empirical evidence is weak (McMorris, 2015). In the results of 

the current study, serum BDNF concentration correlated negatively with episodic 

memory at both time points, indicating that higher sBDNF concentration was associated 

with poorer performance on the ISLT task. Furthermore, the significant increase in 

resting sBDNF concentration over the one year period did not result in any improvement 

in episodic memory or global cognition. Findings are in agreement with Nettiksimmons 

et al. (2014) who reported no longitudinal association between sBDNF and cognitive 

function in older adults. Moreover, a significant difference between memory clinic and 

community recruits was observed across all cognitive measures at baseline. However, 

despite these significant cognitive differences, there was no significant difference in 

resting sBDNF concentration. Much more research is needed in human studies with 

regard to the effect of acute and chronic exercise on BDNF before any definitive 

statements concerning its effects on cognition are made.   

 

In the results presented, there was no significant difference between exercise 

intervention groups and the control group in sBDNF concentration, episodic memory or 

cardiorespiratory fitness. These findings contrast with previous studies that have 

examined structured exercise intervention studies in MCI cohorts. An emerging group of 

studies examining structured multicomponent exercise in MCI have reported significant 

increases in peripheral levels of BDNF, global cognition, logical and episodic memory 

(Suzuki et al., 2013, Nascimento et al., 2014b, Teixeira et al., 2018), suggesting that a 

combination of exercise modalities has more wide-ranging effects on cognitive function 

over only a single type of exercise (Kirk-Sanchez and McGough, 2014). However, 

despite the emergence of multi-component exercise, the vast majority of exercise 

intervention studies to date have focused on aerobic exercise. Aerobic exercise 

intervention studies have reported improvements in verbal list learning and memory 

tasks in MCI populations (Nagamatsu et al., 2013b, Carson Smith et al., 2013). 
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Nonetheless, the evidence is equivocal as not all structured aerobic exercise 

programmes have demonstrated improvements in episodic memory (Baker et al., 2010c, 

van Uffelen et al., 2008, Scherder et al., 2005, Tortosa-Martínez et al., 2015). The 

growing number of studies including neuroimaging and neuro-electric techniques as key 

outcomes will provide greater insight into the potential structural and functional changes 

accrued in response to chronic exercise paradigms.  

 

In the aging population, maintaining CR fitness can positively impact on the ability to 

engage in activities of daily living and on overall health related quality of life (Elavsky et 

al., 2005, Drewnowski and Evans, 2001, Stewart et al., 2003). Of interest, CR fitness 

increased across all study groups. The within-group increase observed in the AT group  

did not reach a statistical significance (AT: M 1.95 ± 3.88 mL/kg/min, BAT: 0.50 ± 5.62 

mL/kg/min and control 1.70 ± 4.21 mL/kg/min). Many studies that have shown a positive 

effect of exercise on hippocampal volume or memory have also demonstrated a 

measurable change in objective measures of CR fitness (Morris et al., 2017). This implies 

that in order for exercise to have a detectable effect on the brain, the dose and adherence 

to exercise need to be sufficient to improve CR fitness. The present study delivered a 

pragmatic structured one year exercise intervention which was designed with a 

combination of supervised and unsupervised home exercise training sessions. This 

resulted in an adherence rate of 51.2% to >60% to the prescribed exercise intervention 

(total number of completed supervised and unsupervised sessions) and this likely 

affected overall exercise dose. The adherence is comparable to the findings from Van 

Uffelen et al. (2007) who reported 63% adherence to a one year exercise programme in 

an MCI cohort. However, supervised exercise intervention studies in MCI have reported 

higher adherence rates ranging from 80%-96% (Baker et al., 2010c, De Gobbi Porto et 

al., 2015, Tortosa-Martínez et al., 2015, Carson Smith et al., 2013) while other studies 

have completely omitted adherence reporting (Scherder et al., 2005, Wei and Ji, 2014, 

Varela et al., 2012, Hu et al., 2014). Evidence suggests initiating and adhering to 

structured exercise is problematic in older adults and those with cognitive impairment 

(Stiggelbout et al., 2005, Dishman, 1994, Tak et al., 2012). Therefore, strategies 

optimising adherence support should be considered at the initial study design phase 

along with novel and more robust methods for reporting exercise dose and adherence 

(Nilsen et al., 2018). The 1-year follow up period allowed for an observation of BDNF 

behaviour over time. Furthermore, while MCI is a good predictor of AD its clinical course 

has demonstrated variability over time in large population-based studies with a number 

of subjects with MCI reverting to normal cognition. Following the clinical course of 
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peripheral BDNF and episodic memory in MCI with follow-up at 24 and 36 months would 

have strengthened the impact of this study.  

 

8.6 Conclusion 

A 12-month exercise intervention did not impact BDNF or cognition. This exploratory 

investigation observed an increase in serum BDNF concentration in an MCI cohort, 

irrespective of study group (AT, BAT or control). Furthermore, episodic memory did not 

demonstrate a decline, remaining largely stable over a one year period and this did not 

differ between study intervention groups. Adherence rates to the prescribed exercise 

intervention in the current study were poor and future exercise intervention studies need 

to develop suitable adherence supports to enable active exercise participation in 

cognitively impaired populations. 
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9 Chapter 9: General Discussion 

9.1 Introduction 

The series of studies in this thesis aimed to investigate the effect of acute and chronic 

exercise on peripheral BDNF concentration, and cognitive performance (visuospatial 

learning and memory, attention and executive function) in a group of sedentary older 

adults with MCI. Within the literature, the large number of studies assessing the impact 

of varying exercise paradigms on concentrations of peripheral BDNF, a putative marker 

of the exercise induced benefit on brain health, indicates the importance of this topic. 

Studies within this thesis were designed to allow for a robust exploration of this effect in 

a cognitively impaired population. Given the assumed modifiable nature of BDNF and 

the variability of disease progression in MCI, it has been suggested that this population 

may be amenable to exercise interventions to slow the rate of neurodegeneration 

through BDNF upregulation. This may also confer a cognitive benefit in this clinical 

cohort, considered at increased risk of future development of AD or other dementias. 

Within this thesis, studies addressed the following areas:  

 

Part A: The effect of acute exercise on peripheral BDNF concentration and cognitive 

performance in an MCI cohort.  

• Investigated following a short bout of high intensity aerobic exercise compared to 

a resting control condition (Study I, Chapter 4) 

• Compared two contrasting acute aerobic exercise protocols (short bout high 

intensity versus longer bout moderate intensity) (Study II, Chapter 5) 

• Investigated two distinct acute exercise modalities (moderate intensity aerobic 

versus non-aerobic balance and toning) (Study III, Chapter 6) 

 

Part B: The effect of chronic exercise on peripheral BDNF concentration and cognitive 

performance in an MCI cohort 

• Examined if 12 weeks of structured training (aerobic and balance and toning) had 

a cumulative effect on resting measures of peripheral BDNF concentration and 

cognitive performance and explored whether chronic aerobic training induced a 

larger acute exercise BDNF and cognitive response (Study IV, Chapter 7) 

• Explored peripheral BDNF concentration, episodic memory and cardiorespiratory 

(CR) fitness in a group of older adults with MCI over a 1-year exercise intervention 

period and investigated whether there was a difference between three 
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intervention groups (aerobic exercise v balance and toning v control) (Study V, 

Chapter 8) 

 

The studies contained within this thesis are timely given the continually evolving science 

around exercise and brain health. In 2016, the Global Council on Brain Health (GCBH) 

issued recommendations on physical activity and brain health for people as they age 

(Global Council on Brain Health, 2016). However, this report highlighted that current 

international public health guidelines are based on cardiovascular research a number of 

gaps within the research remain pertaining to clinical populations. The studies within this 

thesis will fill knowledge gaps related to understanding the impact of duration, intensity 

and different types of exercises on BDNF and cognitive performance. As the implications 

of individual results have been discussed in previous chapters, the present section will 

provide a succinct analysis of the key points regarding the relationship between acute 

and chronic exercise, peripheral BDNF concentration, cognitive performance and CR 

fitness in an MCI population. 

 

9.2 Analysis of key points 

9.3 Acute exercise and BDNF  

The first set of analyses demonstrated the upregulation of serum BDNF concentration 

following a short bout of high intensity exercise compared to a 30-minute resting control 

condition (Study I, Chapter 4). The observed BDNF increase is in agreement with 

existing meta-analytic reviews (Dinoff et al., 2017, Szuhany et al., 2015, Knaepen et al., 

2010, Huang et al., 2014) and numerous experimental studies (Ferris et al., 2007, Griffin 

et al., 2011, Vega et al., 2006, Winter et al., 2007, Tsai et al., 2014b, Tonoli et al., 2015, 

Tang et al., 2008, Hwang et al., 2016, Hötting et al., 2016) on this topic, which have 

consistently supported a transient upregulation of peripheral BDNF following an acute 

bout of high intensity aerobic exercise. However, a large number of these studies have 

included healthy young and predominantly male cohorts, thereby limiting the 

generalisability of findings to older cognitively impaired populations who may present 

with underlying BDNF related neuropathology. However, two recent studies have been 

published which examined the acute exercise-BDNF response in MCI (Tsai et al., 2018) 

and AD cohorts (Coelho et al., 2014). Tsai et al. (2018) found that an acute bout of 30 

minutes of moderate intensity aerobic exercise significantly increased sBDNF levels in a 

group (n=25) of older adults with amnestic MCI. Similarly, in a group of older adults with 

early AD (n=21), Coelho et al. (2014) reported increases in BDNF plasma levels following 



144 

 

 

a high intensity graded exercise protocol. In agreement, findings in the present study 

indicate that older adults with MCI, despite being in the early stages of the 

neurodegenerative process, retain the ability to increase peripheral BDNF concentration 

following acute high intensity aerobic exercise. The present work adds to an expanding 

body of evidence supporting acute exercise as a non-pharmacological treatment strategy 

for upregulating peripheral BDNF concentration.  

 

In contrast to Study I, BDNF did not change significantly in response to exercise during 

the testing conditions applied in Study II or Study III. In Study II, two contrasting acute 

aerobic exercise protocols (short bout high intensity versus longer bout moderate 

intensity) were compared. In this study BDNF showed only marginal change, with a 

decrease (-4.58%) following a short bout of high intensity exercise and an increase 

(4.99%) following a longer bout of moderate intensity exercise. Study III examined the 

difference between two distinct exercise modalities (moderate intensity aerobic versus 

non-aerobic balance and toning). In these results, BDNF increased (50.3%) following 45 

minutes of moderate intensity exercise and slightly decreased (-3.8%) following 45 

minutes of balance and toning exercise. However, Study I had a stronger study design, 

included randomisation and was sufficiently powered on the primary outcome (BDNF) 

while study II and III were likely underpowered and considered exploratory in nature. 

Taken collectively with consideration to study design limitations, results support the 

efficacy of acute aerobic exercise (short bout of high intensity exercise and 45 minutes 

moderate intensity exercise) in increasing peripheral BDNF immediately post exercise.     

 

9.4 Chronic exercise and BDNF 

Study IV (Chapter 7) demonstrated that 6 weeks of moderate intensity aerobic or balance 

and toning exercise, performed three times weekly, resulted in a significant increase in 

basal sBDNF concentration in an MCI cohort. This finding suggests that a relatively short 

period of exercise training can induce changes in basal BDNF concentration. Since 

BDNF is generally considered to be lower in individuals with neurodegenerative 

disorders (Phillips et al., 1991, Yasutake et al., 2006), an increase in BDNF via exercise 

may confer a clinical benefit by ameliorating this abnormality. 

 

An increase in basal BDNF concentration following structured chronic aerobic exercise 

has been reported within the literature (Seifert et al., 2009, Zoladz et al., 2008, Voss et 

al., 2013). Across studies in this thesis, the BAT group was designed as a non-aerobic 
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exercise group, and in line with existing literature, it was not anticipated to observe a 

comparable degree of peripheral BDNF upregulation in this group (Voss et al., 2013, 

Baker et al., 2010c). Nonetheless, it could be postulated given the overall sedentary low-

fit status of study participants, that the BAT exercise (yoga, light resistance exercise, 

stretching, balance, coordination, relaxation, group games) may have provoked 

intermittent physiological responses similar to low - moderate intensity exercise. The 

BORG Rate of Perceived Exertion (RPE), a recognised subjective marker of exercise 

intensity was used to monitor intensity in this group, with a target of ≤ 10 (Borg, 1998).  

However, the American College of Sports Medicine (ACSM) has suggested that there is 

insufficient evidence to support using the RPE as a primary method of exercise training 

(Garber et al., 2011). On reflection, polar heart rate monitors which are used to prescribe 

aerobic exercise intensity may have been useful in this non aerobic group to ensure that 

aerobic stimulus remained low while completing these non-aerobic tasks (Achten and 

Jeukendrup, 2003). 

 

In the results presented in Study IV (Chapter 7), chronic exercise training did not increase 

the magnitude of BDNF change with acute exercise. Although acute aerobic exercise 

(45 minutes moderate intensity) appeared to deliver a consistent upregulation of BDNF 

pre-post exercise, the magnitude of this increase was not statistically significant over 

time.  Griffin et al. (2011) reported that 5 weeks of aerobic exercise training altered the 

temporal profile of the serum BDNF response to acute exercise in healthy young males. 

It has been suggested that exercise upregulation of BDNF may enhance the sensitivity 

of downstream signalling cascades and chronic exercise training may prime the system 

so that BDNF levels are quickly restored with subsequent exercise, promoting neuronal 

adaptations (Lista and Sorrentino, 2010, Sleiman et al., 2016). Functional (neuroelectric) 

and structural measurement techniques were beyond the scope of the current body of 

work, but would have been of added value to establish if neural training adaptations 

occurred over time. 

 

In this thesis, an increase in resting basal peripheral BDNF concentration was observed 

across all three study groups over the 1 year intervention period (Study V, Chapter 8). It 

is difficult to draw direct comparisons to the existing observational studies on this topic 

in MCI cohorts which have largely compared resting peripheral BDNF concentration in 

MCI and AD cohorts to healthy controls. However, the increase observed within the study 

cohort over time may represent a transitional phase in the underlying MCI disease 

process (Laske et al., 2006, Angelucci et al., 2010, Nagahara et al., 2009). As outlined 
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in the Chapter 1, research regarding the diagnostic and prognostic value of resting 

peripheral BDNF concentration in MCI has been inconsistent. The results observed in 

this thesis lend support to the hypothesis of an increase in peripheral BDNF during the 

clinical course of MCI (Angelucci et al., 2010, Laske et al., 2006, Faria et al., 2014). 

Conversely, a meta-analytical review and a number of observational studies have found 

peripheral BDNF to be significantly reduced in MCI and AD patients compared to healthy 

controls (Lee et al., 2009, Qin et al., 2017, Yu et al., 2008). This evidence is further 

corroborated by a post mortem study that used grey matter from parietal cortex samples 

(Peng et al., 2005) and another that used cerebrospinal fluid to measure BDNF (Forlenza 

et al., 2015), with both studies reporting reduced BDNF in AD and MCI compared to 

healthy controls. On weight of the existing evidence, lower BDNF in MCI compared to 

cognitively normal controls is supported to a greater extent within the literature, although 

further research is still needed to confirm this hypothesis.  

 

9.5 Cardiorespiratory fitness and BDNF in MCI 

Physical activity and fitness levels are known to decline across the lifespan (Troiano et 

al., 2008, Betik and Hepple, 2008) and these deficits are amenable to exercise 

interventions (Dunn et al., 1999). In the initial part of this work (systematic review 

presented in Chapter 3), the lack of valid and reliable objective measures of 

cardiorespiratory fitness (CR) was highlighted as a gap that needed to be addressed 

within exercise intervention studies in MCI, to allow for an accurate exploration of the 

intervention effect on this key outcome. A strength of the work contained within the 

current thesis was the measurement of cardiorespiratory fitness by Cardiopulmonary 

Exercise Testing (CPET). CPET measuring maximal oxygen uptake (VO2max) is 

considered the gold standard in the objective measurement of CR fitness (Agnew, 2010, 

Wasserman et al., 2005). It was apparent from the baseline CPET results in Study I 

(Chapter 4), that CR fitness is suboptimal in this patient cohort. In the work presented, 

baseline CR fitness was compared to age and gender norms and participants presented 

as very poor (< 20th percentile) in 85.5% (n=53) of the overall study group, with a further 

8.1% (n=5) categorised as poor (20th – 40th percentile).  

 

While this provides justification for strategies aimed at addressing this modifiable deficit, 

the one year intervention of the current study did not achieve this outcome and will be 

discussed below. Within the literature, many studies that show a beneficial effect of 

exercise on hippocampal volume or cognition simultaneously demonstrate a measurable 
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change in objective measures of CR fitness (Morris et al., 2017, Colcombe and Kramer, 

2003a, Reiter et al., 2015). Disappointingly, at one year follow-up, there was no 

significant difference in CR fitness (VO2max) within or between study groups, which may 

account for the lack of any measurable cognitive improvement over the 1 year period. In 

Study V, it was reported that CR fitness (VO2max) increased from 19.63 mL/kg/min (3.57) 

to 21.35 mL/kg/min (4.33) in the AT group (p=0.08), from 19.62 mL/kg/min (6.93) to 20.83 

mL/kg/min (5.52) in the BAT group (p=0.70) and from 18.54 mL/kg/min (4.21) to 20.22 

mL/kg/min (4.91) in the control group (p=0.10). CR fitness was a key target outcome as 

low CR fitness has been linked to poorer cognition amongst a host of other poorer health 

outcomes (Wendell et al., 2014). It is considered an important index of health, a strong 

predictor of cardiovascular and all-cause mortality, and health related quality of life 

(Myers et al., 2015, Leeper et al., 2013). The failure of the exercise intervention to 

significantly increase CR fitness in the AT group is not entirely surprising given the issues 

with adherence which affected the overall exercise volume delivered. Issues relating to 

exercise intervention adherence and the implications of this will be discussed later in this 

chapter.  

 

9.6 Acute exercise and cognitive performance 

The findings of the work contained within this thesis does not support a beneficial effect 

of acute exercise on cognitive performance in MCI. Acute bouts of exercise have 

generally demonstrated transient improvements in cognitive performance, with several 

published studies and reviews investigating the dose–response relationship between 

aerobic exercise intensity and cognitive performance after exercise (Ekkekakis and 

Petruzzello, 1999, Brisswalter et al., 2002, Lambourne and Tomporowski, 2010, Chang 

et al., 2012, Ferris et al., 2007, McMorris and Hale, 2012, Tomporowski, 2003, Kamijo et 

al., 2007, Basso et al., 2015). One major drawback in interpreting existing literature is 

that it has primarily been conducted in cognitive normal cohorts. To date, only two studies 

have investigated the effect of acute exercise on cognitive performance in MCI (Tsai et 

al., 2018, Segal et al., 2012). Under similar exercise conditions to the aerobic exercise 

conditions contained within this thesis (Chapter 4-6), these studies demonstrated only 

modest cognitive improvement on retrograde memory task and in reaction time on the 

Flanker (executive function) task. While no significant cognitive improvements were 

noted following acute exercise across studies I-III (Chapter 4-6), an important 

observation was that cognitive performance did not deteriorate, which suggests no 

negative impact of acute exercise on cognitive performance. 
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Primary analyses did not establish a measurable effect of acute exercise on cognitive 

performance. In the secondary analysis in Study I (Chapter 4), improved performance 

on an executive function (Stroop) task was observed within group B (T1: baseline, T2: 

post resting control condition, T3: post short bout high intensity exercise) over time. Post 

hoc analysis revealed a significant increase in Stroop CWS from pre exercise T1 (M = 

75.25 ± 26.97) to post exercise T3 (M = 83.93 ± 21.47) (mean increase = 8.67, 95% 

confidence interval 13.55 to 3.80), (p=0.001, ES .34). These within group findings are 

supported in acute exercise studies that have also utilised the Stroop paradigm as a 

measure of executive function (Sibley et al., 2006, Yanagisawa et al., 2010). Moreover, 

given the strong associations reported between CR fitness and executive function in 

older adults (Hayes et al., 2014, Kawagoe et al., 2017), it could be hypothesised that the 

significantly higher CR fitness that was observed in group B in Study I, may have 

contributed to the changes in an executive function task observed within this group.  

Given these preliminary findings, an interesting direction for future acute exercise-

cognitive studies in MCI populations would to be to stratify groups by fitness category to 

establish if CR fitness moderates the acute exercise-cognitive relationship. 

 

The cognitive response to acute exercise is modulated by a number of characteristics 

described previously in this thesis (Brisswalter et al., 2002, Tomporowski, 2003, 

Lambourne and Tomporowski, 2010, Chang et al., 2012, McMorris and Hale, 2012, 

McMorris, 2015). One moderator variable that may be particularly relevant to the current 

work, is the timing of the cognitive task relative to exercise. Findings from a number of 

meta-analyses have suggested an optimal time window post exercise during which the 

effect of acute exercise on cognitive performance is greatest. This timeframe varies 

considerably from 11 – 48 minutes (Hillman et al., 2009), with the majority suggesting 

11-20 minutes post exercise as the optimal window for observing a cognitive effect 

(Lambourne and Tomporowski, 2010, Chang et al., 2012). It is possible that the timing 

of the cognitive tasks performed between 5-40 minutes post-exercise across all acute 

exercise studies exceed this timeframe, and may partially explain the null effects 

reported.  

 

9.7 Chronic exercise and cognitive performance 

Despite preliminary evidence that exercise training may improve cognition in MCI (Baker 

et al., 2010c, Gauthier et al., 2006, Lautenschlager et al., 2008, Smith et al., 2013b), 
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cognitive performance in Study IV (12 weeks AT v BAT) and V (1 year AT v BAT v 

control) did not differ between study groups following chronic exercise training. Results 

of the systematic review reported in Chapter 3 revealed a small body of emerging 

evidence, that structured purposeful aerobic exercise of moderate intensity performed 

for six months demonstrated improvements in cognitive performance in areas of global 

cognition, memory and executive function in people with MCI (Baker et al., 2010c, De 

Gobbi Porto et al., 2015, Gill et al., 2015, Nagamatsu et al., 2013b, Wei and Ji, 2014, Hu 

et al., 2014). Cognitive domains of attention, processing speed and visuospatial skills did 

not appear amenable to chronic exercise induced change (De Gobbi Porto et al., 2015, 

Gill et al., 2015, Sacco et al., 2015, Carson Smith et al., 2013, Tortosa-Martínez et al., 

2015, van Uffelen et al., 2008, Scherder et al., 2005). In contrast to the findings of the 

systematic review, global cognition (MoCA), memory (episodic memory – PAL and ISLT) 

and executive function (Stroop) did not change between study groups following a 1-year 

exercise intervention. A possible explanation for the lack of a cognitive effect may be the 

poor adherence rates in the current study which were lower than adherence rates of 

studies included in the systematic review (Chapter 3). 

 

Despite a rigorous randomisation protocol in the NeuroExercise Study, there were 

significant differences in baseline ISLT delayed recall (episodic memory) across study 

groups, with the AT group performing worse than the BAT and control group. These 

baseline differences suggest the AT group presented with a higher degree of cognitive 

impairment at baseline, which may have been more representative of late stage MCI.  

Importantly, episodic memory and global cognition did remain stable over the one year 

period across all study groups and a number of factors may have contributed to this. At 

baseline, the present study cohort presented with relatively high levels of education 

(n=38, 59.4% >13 years education). Research has demonstrated that high levels of 

education attainment are associated with resilience against age-related or pathology-

related impairment of cognitive function (Stern, 2012), suggesting high education may 

have served as a protective factor. Furthermore, the BAT group, designed to act as an 

active control were given equivalent opportunity for group and social interaction in 

supervised exercise classes. Social interactions have important intrinsic cognitive 

components and promote cognitive engagement which may have contributed to overall 

cognitive enhancement in this group (Seeman et al., 2001).  

 

Despite limited high quality exercise intervention trials in MCI, the American Academy of 

Neurology’s recently updated its guideline on overall MCI management includes the 
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recommendation for regular exercise as part of the overall approach to disease 

management. Despite a growing research base on this topic, this recommendation was 

based on 2 studies (Nagamatsu et al., 2012, Suzuki et al., 2013). In a single blinded 

RCT, 86 community-dwelling women aged 70–80 years with MCI were randomised to 

twice-weekly resistance or aerobic exercise or to a control group for 26 weeks 

(Nagamatsu et al., 2012). The resistance training group showed significantly improved 

results on executive function (Stroop test) and associative memory tests compared to 

the balance and toning group. In a randomised single-blind trial comparing a 

multicomponent exercise program (90 min, 2/weekly, for 6 months) to an education 

control group (2 education classes), Suzuki et al. (2013) found MMSE scores differed at 

end of study between intervention groups in those with aMCI. Adherence rate in these 

studies was 89% and 94% respectively. A number of contrasts exist between these 

studies and the present study, including the utilisation of resistance exercise and 

multicomponent training. The broad range of available exercise modalities can provoke 

varying physiological and biological responses (Hawley et al., 2014, Zhang et al., 2018) 

and resistance exercise in particular has demonstrated an ability to enhance cognitive 

function through different pathways and mechanisms (Liu-Ambrose et al., 2010, 

Nagamatsu et al., 2012, Best et al., 2015, Chang and Etnier, 2009). These findings 

suggest the need for future intervention studies to diverge from isolated aerobic training 

and consider the inclusion of multicomponent (aerobic, resistance and balance and 

coordination) interventions for exercise induced cognitive change. 

 

While exercise appears to have a neuroprotective effect in cognitively intact adults and 

reduces risk for future MCI or dementia (Sofi et al., 2011, Geda et al., 2010), the 

ambiguity regarding the role of chronic exercise training in facilitating cognitive 

improvements in MCI, AD and beyond continues. It is important to bear in mind that 

exercise produces significant social, physical, and functional benefits for people with MCI 

and dementia irrespective of the effect on cognition. These health-related benefits cannot 

be overlooked for their importance in enhancing overall health related quality of life 

(Panza et al., 2018, Pa et al., 2014).  

 

9.8 Critical Analysis  

This thesis contained a number of studies that were designed to examine the interaction 

between acute and chronic exercise, BDNF, cognitive performance and CR fitness in an 

MCI cohort. It is important to analysis the limitations of the studies contained within this 
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body of work. As a number of limitations were common across all studies in the thesis, 

they will be summarised here. 

 

9.8.1 Study sample 

One strength of studies within this work was that a unique population, a sedentary low 

fit MCI group considered a high-risk group for future cognitive decline were recruited. 

Well-validated MCI diagnostic criterion were rigorously applied (Albert et al., 2011). 

Previous studies have used variations in definitions of MCI and its subtypes, which 

introduces a large degree of variability in study populations and makes comparisons 

among studies difficult. 

 

Across studies, convenience and self-selection sampling methods were used which are 

not without limitations. Participants were recruited though established memory clinics 

due to the ready availability of a suitable population. Participants recruited from 

community advertisements self-selected into the study, which introduces inherent bias 

into the sample. A self-selecting population in a cognitive based study is likely to be 

biased towards high-functioning, well-educated and motivated volunteers (Nebes et al., 

2006), which may limit the generalisability of our results to less-educated populations.  

 

Although established MCI diagnostic criteria were applied, the two study recruitment 

pathways (memory clinic versus community) produced a heterogeneous sample of 

participants with amnestic MCI. This was evident through the significant differences 

observed in baseline age, measures of global cognition and episodic memory between 

the groups, with participants recruited from the community significantly outperforming 

their memory clinic counterparts. Episodic memory in particular, is considered a sensitive 

factor to discriminate between early and late MCI (Aggarwal et al., 2005, Clément et al., 

2010). It is therefore plausible that those recruited from memory clinics presented with 

late stage MCI and those recruited from the community represented early stage MCI. 

While individuals with aMCI are known to have variable rates of progression to dementia 

and AD (Farias et al., 2009), there was no significant difference in the change in episodic 

memory or global cognition between memory clinic and community recruits over the one 

year period. 

 



152 

 

 

9.9 Adherence 

In Study IV and V, a chronic structured exercise intervention was examined.  Adherence 

to the structured exercise intervention (total number of supervised and unsupervised 

exercise sessions) demonstrated variable rates with an overall low compliance. The 

mean adherence (total number of supervised and unsupervised exercise sessions), 

including exercise intervention and study dropouts in the AT group was 58.5% (61.8 % 

to the supervised exercise and 56.3% to the unsupervised exercise) and 50.2% in the 

BAT group (64.2% to the supervised exercise and 41.2% to the unsupervised exercise). 

Evidence suggests initiating and adhering to structured exercise is problematic in older 

adults and for those with cognitive impairment (Stiggelbout et al., 2005, Dishman, 1994, 

Tak et al., 2012). Adherence to the intervention (total number of supervised and 

unsupervised exercise sessions) for memory clinic participants (n=24) was 46.2% (± 

34.0%) and 65.0% (± 27.7%) for participants recruited from the community (n=17). Given 

the higher adherence to the exercise intervention observed in the community recruits, it 

may be suggested that those recruited to exercise programmes from memory clinics 

present with late stage MCI and by proxy present with more significant cognitive 

impairment. This late MCI subgroup that emerged within the current study may have 

required greater adherence support to assist with participation in a structured exercise 

intervention.  

 

Converging evidence suggests self-efficacy may operate as one possible mediator 

linking psychosocial influences to positive health functioning such as regular habitual 

exercise (Salovey et al., 2000, Garcia and King, 1991). In structured exercise 

programmes, a supportive cohesive group dynamic facilitates development of self-

efficacy beliefs among participants and may be a promising intervention tool in the 

promotion of exercise adherence (Christensen et al., 2006). Establishing group cohesion 

can be conditioned by the social composition of the group, the teaching ability by the 

instructor, and the exercise activities. Given the issues with adherence observed in Study 

IV and V in this thesis, there clearly remains a multitude of unanswered questions 

concerning the design of exercise interventions in MCI. Increasing knowledge around 

patients' perceived barriers, reasons for non‐adherence to exercise and drop‐out may 

provide guidance to and aid in the design of successful strategies to increase 

participation and develop suitable and sustainable supports to facilitate exercise 

participation in MCI. 
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Across study sites in the NeuroExercise trial, the model of exercise programme delivery 

was found to have some differences. This may have affected adherence rates to the 

exercise intervention as exercise classes at the Dublin site were carried out exclusively 

in an acute hospital setting. Programme design is an important consideration in 

facilitating adherence of participants (Farrance et al., 2016). In the NeuroExercise multi-

site trial, a number of challenges were encountered with varying trial recruitment and 

retention rates across sites. Analysis of recruitment and retention rates found that the 

non-medical sports university site (German Sports University Cologne), which provided 

free access to a large range of exercise groups in a community-based sports 

environment, proved a more successful strategy than recruitment from memory clinics 

and delivery of the exercise intervention in a hospital setting (Sanders et al., 2018). 

These findings indicate that exercise delivered in a non-stigmatising community-based 

setting, rather than a hospital based medical setting may be an important factor in 

recruitment and exercise adherence in subjects with MCI. Relating these findings to a 

local context would suggest that the numerous established exercise groups in the 

community may be best placed to deliver exercise in this population. 

9.10 Considerations in BDNF analysis  

Findings of the current work supports the hypothesis that peripheral BDNF concentration 

is increased after a short bout of high intensity exercise and after six weeks of AT or BAT 

training. However, there are some limitations in BDNF measurement that should be 

considered. Firstly, only one measurement of BDNF was collected immediately post 

exercise to capture exercise induced change. This timeframe did not facilitate a time-

course observation of BDNF but was considered most appropriate as BDNF returns to 

pre exercise baseline values between 10 – 50 minutes post exercise (Schmidt-Kassow 

et al., 2014, Tang et al., 2008, Ferris et al., 2007). Secondly, peripheral measurement of 

BDNF is not without limitations, as processes occurring centrally in the brain may not 

have a measurable influence on peripheral blood markers; nor may circulating BDNF 

have any influence on brain function within the timeframe of experimental conditions in 

this thesis. BDNF secretion in the central nervous system is thought to contribute to the 

amount of circulating peripheral BDNF levels (Lommatzsch et al., 2005). While animal 

studies have demonstrated a high correlation between peripheral and central BDNF 

concentrations (Karege et al., 2002) evidence in human studies is lacking (Pillai et al., 

2010). The human blood brain barrier is considered by some to be structurally and 

functionally different from animal models, therefore it cannot be inferred from animal 

models that BDNF can cross the human blood brain barrier (Poduslo and Curran, 1996, 
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Pan et al., 1998). Thirdly, the source and roles of BDNF in the periphery are not well 

established with suggestions that serum BDNF protein is stored in immune cells, 

endothelial cells and vascular smooth muscle cells or platelets and is released upon 

agonist stimulation (Fujimura et al., 2002, Rosenfeld et al., 1995). Finally, while the 

general consensus is that BDNF may represent an important measurable biomarker, the 

poor reproducibility of BDNF measures has to date prevented its validation for clinical 

purposes. Concerns have been expressed regarding the inter-assay variability of BDNF 

measurement (Polacchini et al., 2015). However, serum is generally considered the 

preferred and more reliable choice of blood sample for BDNF measurement since BDNF 

concentration in plasma is affected by handling of the blood sample due to the presence 

of platelets, which store BDNF and upon degranulation secretes BDNF (Elfving et al., 

2010, Radka et al., 1996, Fujimura et al., 2002). 

 

Differences in basal levels of BDNF are not totally unexpected and may relate to a 

number of factors including; age, sex, diurnal fluctuations, diet, and disorders of the 

metabolic or immunological systems (Szuhany et al., 2015, Knaepen et al., 2010). 

Furthermore, a number of pharmacological treatments commonly prescribed in older 

adults are known to alter BDNF levels. Of particular relevance, acetylcholinesterase 

inhibitors, occasionally prescribed in MCI are known to increase serum BDNF levels 

(Leyhe et al., 2008). In addition, depressive symptoms are commonplace in MCI with a 

reported incidence of 36% (Modrego and Ferrández, 2004, Lyketsos et al., 2002). 

Antidepressant drugs are also known to increase serum BDNF concentration (Wilson et 

al., 2008, Schmidt and Duman, 2007, Castrén and Rantamäki, 2010).   

 

Other factors that may mediate BDNF response to exercise were beyond the scope of 

the current work. The BDNF val66met polymorphism, a genetic variant that occurs in 

33% of the population, is strongly associated with decreased levels of BDNF secretion 

(Egan et al., 2003), and the degree of cognitive impairment in MCI (Nagata et al., 2012). 

Furthermore, Apolipoprotein E (APOE) gene ε4 allele, the most prevalent genetic risk 

factor for late onset AD affects the expression of BDNF (Allard et al., 2017), alters 

susceptibility to neuropathology and may be an important considerations in 

understanding responders to exercise (Leckie et al., 2014, Erickson et al., 2013, Watts 

et al., 2018, Hopkins et al., 2012, Nascimento et al., 2014c). Although beyond the scope 

of the current study, these are important considerations for future studies to help expand 

our understanding of variations in individual differences in acute and chronic exercise 

effects (Canivet et al., 2015).  
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9.10.1 Blood sampling 

Circadian rhythms generated by the suprachiasmatic nucleus, represents an 

endogenous biological clock in the hypothalamus that regulates the daily timing of many 

physiological and behavioural rhythms (Klein et al., 1991). Emerging research suggests 

that peripheral BDNF concentrations fluctuate with circadian rhythms (Drakopoulos et 

al., 2015, Begliuomini et al., 2008, Pluchino et al., 2009). Due to logistical and practical 

issues around study scheduling, blood samples across all studies within this thesis were 

collected in a non-fasting state between 8-3pm. As this time was not standardised, it may 

have resulted in large degrees of variability in BDNF measures. Therefore, the potential 

influence of diurnal variation in the BDNF results cannot be ruled out. Future studies 

should aim to collect samples at a standardised time point to overcome this potential 

bias.  

 

9.11 Cognitive testing 

In the current work, validated neuropsychological tests were chosen in collaboration with 

a neuropsychologist and based on sound theoretical justification. Study V measured 

episodic memory impairment (i.e., the ability to acquire and retain new information), 

which is of particular relevance to an amnestic MCI population that presents with this as 

the primary cognitive deficit. 

 

One weakness in design across studies was that the order of cognitive tasks (1. PAL; 2. 

Stroop; 3. SART) was not counterbalanced, a technique used in research to deal with 

order effects when using a repeated measures design that avoids the introduction of 

confounding variables. Furthermore, MoCA versions (7.1 and 7.3) were not 

counterbalanced at T0 and T1 in Study V (Chapter VIII). Some authors have argued that 

different items on MoCA may not be of comparable difficulty to their corresponding 

originals of similar content (Lebedeva et al., 2016).  In Study I (Chapter IV), secondary 

analysis of change in cognitive performance (group B) demonstrated improvement in 

executive function post exercise. However, group B completed an additional 

measurement of cognitive measures (T3), thereby increasing the risk of type I error due 

to practice effects of repeated tests which may be an important confounder of these 

results (Goldberg et al., 2015). 
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9.12 Exercise conditions 

The experimental exercise conditions represented well defined, contrasting acute 

exercise paradigms and were performed and supervised in a controlled and structured 

testing environment. However, in Study II (Chapter 5), the mode of aerobic training was 

not standardised across conditions. Condition A was performed exclusively on a 

stationary bike while condition B comprised of a combination of stationary bike, treadmill 

walking, and elliptical training. Exercise mode has been independently related to the size 

of the overall effect, with larger effect sizes associated with ergometer cycling than with 

running protocols (Lambourne and Tomporowski, 2010).  

 

It has previously been shown that control groups in studies where intervention 

assignment cannot be concealed from the study participants, such as is the case with 

exercise interventions, compensatory behaviours can be expected. Although participant 

in the control group were not given any advice or guidance regarding exercise, 

participants in this group may have increased overall physical activity levels over the 

study intervention period. Although beyond the scope of the current thesis, this will be 

analysed in objective actipraphy measurement in the NeuroExercise Study. 

 

9.13 Potential bias  

As the majority of work contained within this thesis was performed by the author (KD), 

across all studies contained within this thesis the outcome assessor (KD) could not be 

blinded to the allocated treatment arm. Participants were randomised in Study I, but 

study groups in subsequent studies were determined by group randomisation for the 

NeuroExercise study.  

 

Finally, given that that study was dependent on numbers recruited to NeuroExercise is 

likely that studies II-V were underpowered on the primary outcome (BDNF) and is 

possible that the small sample size contributed to the null effect on study outcomes. 

Nonetheless, the sample size is comparable to the majority of other studies which have 

conducted exercise intervention studies within this cohort (Nascimento et al., 2014b, 

Baker et al., 2010c). Future studies with larger sample sizes are necessary to 

corroborate the current findings regarding BDNF upregulation. 
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9.14 Future Directions 

Emerging evidence, targeting a variety of lifestyle factors simultaneously, have reported 

beneficial effects on aspects of cognition and functional abilities among at-risk older 

adults. The widely publicised FINGER study, a multi-domain intervention focused on diet, 

exercise, cognitive training and vascular risk monitoring resulted in improved cognitive 

performance in the intervention group compared to a control group (Kivipelto et al., 

2014). Based on the FINGER intervention model, several lifestyle-based multi-domain 

trials are underway in a number of countries under the banner of the World Wide 

FINGERS interdisciplinary network (http://wwfingers.com). Given the intensive nature 

and time resource of the total intervention (Kivipelto et al., 2013), it will be interesting to 

observe whether results of the initial study are replicated. This may provide the further 

evidence necessary to drive policy change and implementation of this type of 

preventative intervention. 

 

While not traditionally studied in exercise paradigms, research has demonstrated 

multicomponent type exercise interventions, with the addition of dual-task (physical 

exercise and cognitive intervention) or cognitive training (Ball et al., 2002) enhances 

cognitive function to a larger extant than traditional type exercise models (Levin et al., 

2017, Muiños and Ballesteros, 2015). Improvements in cognitive outcomes have been 

demonstrated in older adults (Eggenberger et al., 2015, Bherer, 2015) and across a 

number of clinic populations including stroke (Park and Lee, 2018), Parkinson’s disease 

(Fritz et al., 2015) and MCI (Anderson-Hanley et al., 2018, Shimada et al., 2018) 

following dual-task interventions. Given the enhance benefit of multicomponent type 

exercise, discussed previously in this chapter, future research combining exercise with 

cognitive training needs to be undertaken to establish if these combined interventions 

produce measurable cognitive change as results of the present study did not produced 

measurable cognitive change with exercise alone. 

 

9.15 Summary 

Regular exercise is beneficial for multiple organ systems and emerging research 

suggests that exercise may play a role in enhancing the BDNF profile and/or prevent or 

delay cognitive decline in MCI populations. Results in this thesis demonstrated that acute 

(high intensity exercise) and chronic (6 weeks of aerobic or balance and toning) exercise 

upregulates peripheral BDNF immediately post exercise in an MCI group. However, 

upregulation of BDNF did not produce measurable cognitive change. Within all study 

http://wwfingers.com/
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groups, episodic memory and global cognition did not demonstrate a decline and 

remained largely stable over a one year period. Much more research is needed in human 

studies with regard to the effect of acute and chronic exercise on BDNF before any 

definitive statements concerning its effects on cognition are made.   

 

Despite a growing body of research that supports the beneficial effects of exercise and 

brain health, there remains a number unresolved questions in MCI populations including: 

1) the appropriate dose and modality of exercise for measurable cognitive change and 

2) adherence strategies to optimise exercise uptake and participation in adults with 

cognitive impairment. Research suggests that a combination of exercise modalities may 

have more wide-ranging effects on cognitive function over only a single type of exercise. 

There are numerous ongoing clinical trials that will attempt to address these research 

questions and, hopefully, provide convincing evidence that regular exercise plays an 

important role in the prevention of cognitive decline in MCI and beyond. However in the 

current research climate, available evidence largely supports the preventative, rather 

than the curative neuroprotective benefits conferred by regular exercise. Therefore, 

exercise in line with current recommendations should continue be emphasised to 

optimise brain health and reduce the risk of dementia across the adult lifespan. 
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11 Appendices 

 

Appendix I:  The Effects of an Extensive Exercise Programme on the Progression 

of Mild Cognitive Impairment (MCI): Study Protocol for a Randomised Controlled 

Trial
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Appendix II: Real World Recruiting of Older Subjects with Mild Cognitive 
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Appendix III: Exercise and Alzheimer’s disease: Current Perspectives 
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Appendix X: Absolute and Relative Indications for Stopping Exercise 



227 

 

 

Appendix XI: Borg’s Rating of Perceived Exertion 



228 

 

 

Appendix XII: Case Report Form Baseline Assessment 



229 

 

 



230 

 

 



231 

 

 



232 

 

 



233 

 

 



234 

 

 



235 

 

 



236 

 

 

Appendix XIII: Case Report Forms Exercise Classes 



237 

 

 



238 

 

 

Appendix XIV: Stroop Colour Stimulus Sheet and the Colour-Word Stimulus 

sheet 



239 

 

 



240 

 

 

Appendix XV: Search Terms in Systematic Review 



241 

 

 

 

 

 

 
 
 



242 

 

 

 


